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ABSTRACT 
 
 
Fluvial Systems Tied Together Through a Common Base Level:  The Geomorphic  
 
Response of the Dirty Devil River, North Wash Creek, and the Colorado River to the  
 
Rapid Base Level Drop of Lake Powell 
 
 
by 
 
 
Adam L. Majeski, Master of Science 
 
Utah State University, 2009 
 
 
Major Professor: Dr. James P. Evans 
Department: Geology 
 
 
 Fluvial adjustment to base level change has its roots in the fundamental concepts 
of geomorphology.  This thesis explores the rate of erosion and sedimentation on the 
Colorado and Dirty Devil rivers and North Wash Creek under the current base level 
changes related to the drawdown conditions of Lake Powell.  Through cross section and 
long profile resurveys, the current state of each system is captured and added to the 
historic record of sedimentation in Lake Powell.  All three systems are generally forming 
narrow and deep incised channels driven by the rapid rate of base level fall.  Cross 
sections that deviate from this are due to site-specific factors, such as channel armoring, 
the presence of local base levels, or bedrock canyon width in relation to active channel 
width.  In all systems, sediment is being transported through the establishing fluvial 
regime and is deposited at or below the new base level.  This has caused rapid 
downstream progradation of each delta front.  The volume of sediment accumulation and 
 iv 
erosion and rates through time are calculated for each system.  Deposit volume is 
proportional to each systems drainage basin area, as are the rates and magnitudes of 
deposition and erosion.  The percentage of sediment eroded versus deposited shows an 
inverse relationship, with North Wash eroding the greatest percentage of its delta.  Field 
observations and repeat photography on the distribution, orientation, and activity of 
lateral slumping and mud cracks identify that thick beds of fine-grained and cohesive silts 
and clays are necessary for these features to form.  These features act to destabilize 
sediment and, in the case of bank failure, deliver it directly to the channel. 
 
(115 pages) 
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“18
 All your life you will struggle to scratch a living from it.  It will grow thorns and 
thistles for you, though you will eat of its grains.  
19
 By the sweat of your brow will you 
have food to eat until you return to the ground from which you were made.  For you were 
made from dust, and to dust you will return.” 
--3 Genesis 18-19 
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CHAPTER 1 
INTRODUCTION 
 
 The term base level was defined by Powell (1875) as the lowest elevation to 
which a river can erode, with the ultimate base level being sea-level.  Since its 
introduction, the term has been used, confused, and elaborated upon in an attempt to 
describe both small and large scale phenomena.  For example, during the first part of the 
20
th
 century, fluctuations of sea level were used to explain cyclicity in Quaternary 
sedimentary rocks.  Over a century later the importance of sea level change manifested 
itself in the work of Jervey (1988) and Posamentier and Vail (1988), in their development 
of sequence stratigraphy. In these works and others, the common thread is base level’s 
ability to influence fluvial sediment production and deposition, and the recognition that 
cyclic fluctuations leave a potentially decipherable record behind.   
 Gilbert (1877) introduced the concept of the graded stream, later elaborated by 
Mackin (1948), to describe a river whose long profile was neither aggrading nor 
degrading over time.  This implied that the channel conditions were adjusted to the 
dominant discharge and sediment load imposed on it.  Leopold and Bull (1979) addressed 
the interconnection of base level and the graded stream profile by recognizing that a 
raising or lowering of base level caused the long profile of the upstream reach to aggrade 
or degrade respectively.  They also differentiated between the impacts of “ultimate” or 
distant and localized base level changes, noting that the effects of either died out quickly 
upstream.   
 Throughout the end of the 20
th
 century and into the 21
st
, river adjustment to base 
level change has taken on societal implications.  It is important to understand what 
 2 
actions may throw a river out of equilibrium, because the ensuing adjustment may 
threaten property, structures, habitat, or species.  This has been made clear over the past 
decade as dam removal has emerged as a scientific and societal issue (Doyle et al., 2003).  
During the time when these structures were being built, little concern was given to the 
environmental impacts or the long-term fate of the structure.  Now that many of these 
structures are nearing or have surpassed their structural or useful lifespan and the 
environmental impacts of their existence are better understood, it is becoming more and 
more important to understand how the river system will adapt to the perturbation of 
impending dam removal (Grant, 2001).     
 In 1956, the Colorado River Storage Project Act was passed to aid in fulfilling the 
terms of the 1922 Colorado River Compact.  Under this act, Glen Canyon Dam was 
constructed on the Colorado River, 2 miles northwest of Page, Arizona, and put into 
service in March of 1963.  At the time, the widespread impacts of the dam, or dams in 
general, were poorly understood.  The reservoir formed behind the dam, Lake Powell, is 
the second largest reservoir in the United States.  By 1986, it had accumulated over 
800,000 acre-ft of sediment in deltas on the Colorado, Dirty Devil, and San Juan Rivers, 
as well as on the smaller tributaries of the lake (Ferrari, 1988).  Deposition of sediment 
continued at a relatively constant rate until 1999, which marked the beginning of the most 
significant flow deficit in the Colorado River basin in over 100 years (Webb et al., 2004).  
As a result, the lake dropped 150 feet over the subsequent 6-year period, exposing delta 
sediments throughout the area (Figure 1; Figure 2).   
One hundred and fifty miles upstream from the dam, near Hite Marina, approximately 30 
miles of sediment has been exposed on the Colorado River.  In proximity to Hite are 
 3 
 
 4 
 
 5 
the Dirty Devil River and North Wash Creek which have had approximately 20 miles 
and 2.5 miles of sediments exposed, respectively.    During the drawdown of the reservoir 
and under current lowered conditions, the sediments exposed on these three systems have 
been subjected to substantial incision, reworking, and remobilization.  These three 
streams were chosen as the field areas for this study because they are in close proximity, 
are responding to the same drop in base level, and because they represent three different 
sizes of streams (Figure 3).  Thus, comparison of the conditions of the three systems 
constitutes a field experiment of how each has responded to an identical base level 
change.     
 Through historic data, previous research, and field work done under this study 
several questions relating to sedimentation and base level effects in Lake Powell have 
been addressed:  1) What was the maximum extent and volume of sediment accumulation 
in these three systems within the study area?  2) How much sediment has been mobilized 
since the onset of base level drop, and at what rate has incision and mobilization 
occurred? 3) What is the fate of this sediment?  4) How have stream cross section form 
and long profile adjusted? 5) Where has soft sediment deformation occurred and why 
these locations?    
Study Area 
The Physical Details of Lake Powell 
and Its Hydrology 
 
 Lake Powell is located in the Colorado Plateau, a region characterized by plateaus 
and mesas that are cut by narrow, deep canyons in areas of resistant rock and broader 
drainages where less resistant rocks are exposed.  Its drainage basin contains high  
 6 
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mountains, some reaching 14,000 feet in elevation, and many plateaus, ranging between 
5,000 and 10,000 feet in elevation.  The total drainage area above Glen Canyon Dam 
encompasses 107,700 square miles and is drained in large part by the Colorado, Green, 
San Juan, Dirty Devil and Escalante Rivers; the major tributaries of the reservoir (Figure 
4).  Lake Powell has a water storage capacity of approximately 26 x 10
6
 acre-feet at its 
full pool elevation of 3700 ft, a surface area that covers 160,784 acres, and a length that 
stretches 186 mi up the Colorado River from the dam (Vernieu, 1997).  After closure of 
the dam, it took approximately 17 years for the reservoir to fill, reaching full-pool 
elevation in June 1980.  Outflow from the lake, via releases at Glen Canyon Dam, is 
governed by the terms of the 1922 Colorado River Compact, which states that 8.23 
million acre-feet of water must be released downstream annually.  These releases, 
combined with the timing and magnitude of inflows to the lake, cause a normal yearly 
fluctuation in lake level of 20 to 30 feet.   
 The climate of the Upper Colorado River Basin is influenced heavily by the 
movement of air masses through its mountain ranges, with high altitudes being relatively 
wet and cool, whereas lower altitudes are dryer and subject to greater temperature 
variability (Irons et al., 1965).  With the exception of the southern portion of the basin, 
monthly precipitation in the winter months surpasses that received during the remainder 
of the year (Irons et al., 1965).  It accumulates in the mountains, predominantly as snow, 
and drives elevated spring stream flows as it melts away.  By late July, the snowpack is 
usually dissipated and streams have returned to their base flow conditions (Irons et al., 
1965).  Summer precipitation does not contribute a substantial portion of water to the 
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streams and many of the tributaries that drain the interior areas of the basin are dry 
except after infrequent storms (Irons et al., 1965).   
 
Sediment Sources and Distribution of Lake Powell 
 
 The record of annual suspended sediment load for the Colorado, Green and San 
Juan rivers, measured at USGS gaging stations upstream of the reservoir, spans from 
1914 to 1984 for the Colorado and Green rivers, and from 1914 to 1980 for the San Juan 
River.  The USGS gages on the Colorado River near Cisco, UT and the Green River at 
Green River, UT are of particular interest to this study, because the suspended sediment 
loads measured here are the main contributors to the delta deposit captured at the head of 
Lake Powell.  Thompson (1984 a, 1984 b) analyzed records at these two gages for the 
period 1930 to 1982 in order to come up with a sediment load-river discharge relation for 
each station.  When constructing the relations, he recognized two times at each gage 
where they changed.  On the Colorado near Cisco, UT, the first change occurred in the 
early 1940’s and coincided with a change in sampling equipment.  The next came 
between water years 1967 and 1968 and coincided with the closure of the dam at Blue 
Mesa Reservoir, upstream of the Cisco gage.  On the Green River at Green River, UT, the 
first change also coincides with a change in sampling equipment between water years 
1944 and 1946.  The second change occurred between water years 1963 and 1965 and 
coincides with the closure of Flaming Gorge Dam.  Ferrari (1988) noticed that each gage 
shows a substantial decrease in suspended sediment load after the construction of Glen 
Canyon Dam, as compared to the pre-dam average record of 1914 to 1957.  He suggested 
that this was partially due to the closure of upstream storage facilities (Flaming Gorge, 
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Navajo, Blue Mesa), as suggested by Thompson, but that it also reflected land-use 
controls (grazing restrictions, seeding programs), and changing climate (Table 1).   
 For the Colorado River near Cisco, UT, Thompson (1984 a) found that only the 
data from 1965 to 1982 were suitable for a predictive regression model relating discharge 
to suspended sediment load.  From it he calculated the following relationship 
 Y = 4.07X  –  8,426,000 (1) 
where Y is annual suspended-sediment load (in millions of tons) and  X is annual stream 
flow (in millions of acre-feet).  He notes however that the relationship should not be used 
for annual stream flow less than 2.5 million acre-ft and that the calculated suspended 
sediment load may have an approximate 50% error at the 90% confidence level. 
 For the Green River at Green River, UT, Thompson (1984 b) found that only the 
data from 1968 to 1982 were suitable for a predictive regression model relating discharge 
to suspended sediment load.  From it he calculated the following relationship 
 Y = 1.757X – 566,000 (2) 
where Y is annual suspended-sediment load (in millions of tons) and X is annual stream 
flow (in millions of acre-feet).  Like the relationship for the Colorado River near Cisco, 
UT, Thompson cautions the use of this relationship outside of the range of data used to 
calculate it and again mentions that estimates of suspended sediment calculated from it  
could have a large error.  
 
The Colorado River and Its Hydrology 
 
 The inflow of the Colorado River entering Lake Powell is primarily supplied by  
 
the combination of the Colorado and Green Rivers.  The Colorado River’s contribution is 
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Water Year
Colorado River near 
Cisco, UT
Green River at Green 
River, UT
San Juan River near 
Bluff, UT
1914 - 1957* 14.35 20.8 31.1
1963 4.83 5.73 12.88
1964 10 12.09 16.34
1965 17.41 17.88 34.83
1966 5.49 6.45 13.13
1967 8.46 11.74 17.07
1968 11.61 7.97 20.77
1969 9.39 8.98 31.67
1970 9.24 7.4 23.62
1971 5.46 5.37 15
1972 3.54 5.16 13.53
1973 14.55 15.07 72.08
1974 4.14 10.62 3.38
1975 7.38 10.89 16.1
1976 2.61 4.43 3.89
1977 2.96 2.75 3.52
1978 13.28 7.69 3.23
1979 10.9 8.43 27.82
1980 8.51 10.28 11.78
1981 2.04 2.38 Discontinued
1982 8.17 9.14 --
1983 19.07 19.96 --
1984 22.98 17.88 --
1985 Discontinued Discontinued --
Totals = 202.02 208.29 340.64
Average = 9.18 9.47 18.92
-Values are shown in millions of tons
*Average
**Adapted from Ferrari, 1988
Table 1.  Suspended sediment load in millions of tons per year as 
measured by the USGS gage on each river.  Adapted from Ferrari, 1988.
 
 
gaged near Cisco, UT (USGS Gage 09180500) and is the result of runoff collected in the 
24,100 mi
2
 drainage area above (Thompson, 1984 a).  The input from the Green River is 
gaged at Green River, UT (USGS Gage 09315000) and is comprised of the runoff 
gathered in the 44,850 mi
2
 drainage area above (Thompson, 1984 b).   
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 The mean annual flow (MAF) of the Colorado River entering Lake Powell is 
approximately 13,300 ft
3
/s, as calculated from USGS gage data (Table 2).  Both the 
Green and the Colorado Rivers are susceptible to similar flood discharges, with the 2-
year recurrence flood being approximately 26,300 ft
3
/s and 32,300 ft
3
/s, respectively 
(Table 3). 
 
The Dirty Devil River and Its Hydrology 
 The drainage area of the Dirty Devil measures 4373 mi
2
, two orders of magnitude 
smaller than that of the Colorado River above Glen Canyon Dam (Figure 5).  The mean 
annual flow for the Dirty Devil River, as calculated from USGS gage records at Poison 
Spring Wash (USGS Gage 09333500), is also two orders of magnitude smaller than that 
of the Colorado, at almost 100 ft
3
/s (Table 4).  The 2-year recurrence interval flood is 
approximately 4,000 ft
3
/s, 40 times is mean annual flow (Table 5). 
 
North Wash Creek and Its Hydrology 
 
 The drainage area of North Wash Creek is another order of magnitude smaller 
than the Dirty Devil River, measuring 143 mi
2
 (Figure 5).  The mean annual flow of 
North Wash Creek, as calculated from the USGS gage records at North Wash near 
Hanksville (Hite) (USGS Gage 09334000), is 1.2 ft
3
/s, two orders of magnitude smaller 
than the Dirty Devil River and four orders of magnitude smaller than the Colorado River 
(Table 6).  Note that gage records only exist for 1950 to 1970.  North Wash Creek is a 
flashy stream, a common trait of small southwest streams, with a 2-year recurrence 
interval flood of approximately 1,200 ft
3
/s (Table 7).  This is over 1,000 times its MAF.  
 13 
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#  USGS 09180500 COLORADO RIVER NEAR CISCO, UT
Period of Record - June 1914 - May 2006
Recurrence Interval (Years) Flood Magnitude (ft
3
/s)
1.01 7,307
1.25 19,808
2 32,298
5 50,018
10 61,609
25 75,845
50 86,063
100 95,888
#  USGS 09315000 GREEN RIVER AT GREEN RIVER, UT
Period of Record - May 1895 - May 2006
Recurrence Interval (Years) Flood Magnitude (ft
3
/s)
1.01 7,249
1.25 17,219
2 26,317
5 38,461
10 46,084
25 55,192
50 61,588
100 67,643
Table 3.  Flood recurrence intervals and magnitudes of associated 
floods for the Colorado River, based on the Log-Pierson III 
distribution.
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# USGS 09333500 DIRTY DEVIL R AB POISON SP WSH NR HANKSVILLE UT
Period of Record - January 1950 - September 2006
Month
Monthly Average Stream 
Flow (ft
3
/s)
January 101
February 136
March 138
April 107
May 84
June 70
July 53
August 88
September 87
October 102
November 126
December 95
Mean Annual 
Flow = 99 ft
3
/s
Table 4.  Mean monthly and annual flow at the USGS gage on the Dirty 
Devil River at Poison Spring Wash.
 
 
# USGS 09333500 DIRTY DEVIL R AB POISON SP WSH NR HANKSVILLE UT
Period of Record - January 1950 - September 2006
Recurrence Interval (Years) Flood Magnitude (ft
3
/s)
1.01 320
1.25 1,689
2 4,050
5 9,269
10 14,017
25 21,499
50 28,124
100 35,615
Table 5.  Flood recurrence intervals and magnitudes of associated floods 
for the Dirty Devil River, based on the Log-Pierson III distribution.
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# USGS 09334000 NORTH WASH NEAR HANKSVILLE (HITE), UTAH
Period of Record - January 1951 - December 1969
Month
Monthly Average Stream 
Flow (ft
3
/s)
January 0.50
February 0.51
March 0.35
April 0.25
May 0.65
June 0.97
July 1.70
August 3.79
September 2.24
October 1.08
November 1.51
December 0.48
Mean Annual 
Flow = 1.17 ft
3
/s
Table 6.  Mean monthly and annual flow at the USGS gage on 
North Wash Creek Near Hite. 
 
 
 
# USGS 09334000 NORTH WASH NEAR HANKSVILLE (HITE), UTAH
Period of Record - January 1951 - December 1969
Recurrence Interval (Years) Flood Magnitude (ft
3
/s)
1.01 73
1.25 459
2 1,207
5 3,014
10 4,760
25 7,638
50 10,279
100 13,345
Table 7.  Flood recurrence intervals and magnitudes of associated 
floods for North Wash Creek, based on the Log-Pierson III 
distribution.
 
 
 
 
 
 
 
 
 18 
Previous Research on Lake Powell 
  
 In 1986, the United States Bureau of Reclamation (BOR) took advantage of the 
nearly full lake level and conducted its first extensive survey of Lake Powell, using 
bathymetric equipment, since initial closure of Glen Canyon Dam.  The primary goals of 
the survey were to compare the present reservoir state to its pre-dam condition in order to 
document water storage capacity by elevation, location of sediment deposits, loss of 
storage due to these deposits, and the rate of sediment deposition (Ferrari, 1988).  A 
secondary objective was the establishment of sediment range lines for future monitoring 
of sediment accumulation (Ferrari, 1988).  Four hundred and nine sediment range lines 
were documented and surveyed throughout the reservoir and its tributaries (Ferrari, 
1988).  The survey determined that 868,231 acre-feet of sediment (3.2 percent of the 
lake’s storage volume) had collected in the reservoir (Ferrari, 1988).  Fifty-four percent 
of this sediment has accumulated in the Colorado River delta, 32% in the San Juan River 
delta, and the remaining 14% in smaller tributary arms (Ferrari, 1988).   
 The lake remained near full until prolonged drought in 1988 through 1993 caused 
the lake to experience its first major regression, causing a drop in pool elevation of nearly 
89 ft (Vernieu, 1997) (Figure 1A).  This resulted in the exposure and resuspension of 
sediment along approximately 62 combined channel miles of delta on the Colorado, San 
Juan, and Escalante rivers (Vernieu, 1997).  By 1999, the lake had recovered back to its 
full pool elevation, but only temporarily.  1999 also marked the beginning of the most 
significant flow deficit episode in the Colorado River basin in over 100 years (Webb et 
al., 2004).  The lake level declined at 24 ft/y through 2005 when it reached its lowest 
elevation since initial closure, 3556 ft, nearly 144 ft below full pool elevation.  During 
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this period of decline, an expansive area of delta sediments was exposed and reworked.  
Pool elevation rose nearly 60 ft at the end of 2005 due to a 110% of average runoff year, 
but it was a short-lived recovery (Figure 1B).  Water years 2006 and 2007 were 71% and 
68% of average yearly inflow respectively.  As of spring of 2008, the lake elevation is 
hovering around 3590 ft, nearly 110 ft below full pool elevation. 
 Since the beginning of base level fall on Lake Powell, several researchers have 
studied the exposed delta sediments, generating datasets used in this study.  In 2001, 
Pratson et al. (2008) collected a bathymetric long profile of the Colorado River from 
Glen Canyon Dam to just above Hite Marina (Figure 6, Event A).  Beginning in 2002 and 
continuing several times a year through 2007, John Dohrenwend from the University of 
Arizona and John Weisheit from Living Rivers, Moab, UT conducted extensive repeat 
photography of the exposed and reworked delta areas.  In November 2004, as the lake 
was approaching its maximum draw down, Utah State University research assistant 
Albert Reichert, with Kelly Bradbury and John Dohrenwend, collected a bathymetric 
profile of the incising Colorado River channel and a maximum terrace profile from river 
mile 150 to 184 (Figure 6, Event B).  In February 2005, 2 months before the lake reached 
its maximum draw down, The National Center for Airborne Laser Mapping (NCALM) 
flew a Light Detection and Ranging (LIDAR) survey of the exposed Colorado River delta 
from river mile 145 to 165 (Figure 6, Event C).  This flight was the result of a successful 
research grant proposal submitted to NCALM by Utah State University professors Jack 
Schmidt and James Evans.  The data collected were processed by NCALM into the one-
meter digital elevation model (DEM) from which the 18 Colorado River cross sections 
(BOR numbers 281 through 318) used in this study were extracted.  In April 2005, when 
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the lake was at its maximum draw down, Reichert lead a total station survey of some 
of the exposed Colorado delta near Hite Marina (Figure 6, Event D).   
 In February and March 2006, work specifically for this thesis began and it built 
upon and extended the above data sets.  Preliminary trips were made to observe the 
exposures on the three systems and to plan for future logistical issues (Figure 6, Event E).  
In August through October 2006, sediments were collected on North Wash Creek from 
three measured sections, its long profile and BOR cross section number 293A was 
surveyed, and control points were established for the Dirty Devil River survey (Figure 6, 
Event F).  In March 2007, eight cross sections were surveyed on the Dirty Devil River 
(BOR numbers 804 through 820) and its delta sediments were sampled at two measured 
sections (Figure 6, Event G).  Finally, in September 2007, two remaining Dirty Devil 
River cross sections (BOR numbers 804 and 803) and five additional North Wash Creek 
cross sections were surveyed, and the Colorado River delta sediments were sampled at 
two measured sections (Figure 6, Event H). 
 A few other researchers have collected, to date, unpublished datasets.  John 
Dohrenwend has conducted analysis of repeat Aster and Landsat satellite imagery.  A 
collaborative multibeam mapping project was completed in 2005 with participants from 
the Ocean Mapping Group, University of New Brunswick, Canada, Duke University 
Department of Earth Sciences, the National Park Service, and the United States Bureau of 
Reclamation (www.omg.unb.ca/Projects/LakePowell/).   
Literature Review  
Delta Deposition Models 
 It is important to understand basic models of delta deposition for this study.   
 21 
 
These deposits dictate the topography and sediment types exposed and incised under lake 
level regression, and may ultimately impact the adjustment phases of the stream channel. 
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 For a typical reservoir, the majority of sediment deposition occurs below the 
reservoir full pool elevation.  As stream flow enters a lake, channel depth and/or width 
increases, velocity decreases, and delta deposition begins.  Coarse sediments are 
deposited first, near the zone of inflow, as the stream looses its competence, while 
progressively finer material is deposited further downstream (Figure 7A).  Over time, a 
delta topset bed forms, which is lower in slope than the original stream channel and the 
downstream end of which occurs at a distinct increase in slope (Bhattacharya, 1992).  
This break separates the topset from the foreset slope and marks an area where both 
fluvial and lacustrine processes are important (Bhattacharya, 1992).  Bedload transport by 
channelized flow decreases or ceases beyond this point, sediment settling from 
suspension increases, and transport and deposition by turbidity or density underflow 
currents increases (Bhattacharya, 1992).  The foreset slope represents the face of the delta 
prograding into the reservoir and deposition beyond it forms the delta bottomset beds.  
These bottomsets are comprised of fine sediment traveling by suspension or turbidity 
currents (Bhattacharya, 1992).  As time progresses, this pattern of deposition repeats and, 
because the topset beds fill the available space under the reservoir pool elevation, 
sedimentation is focused at or beyond the pivot point.  Therefore, the downstream side of 
the pivot point marks the area where most of the active sedimentation occurs as the delta 
progrades into the reservoir (Morris and Fan, 1998).   
 Following the classification of Morris and Fan (1998), depending on discharge, 
sediment, and reservoir current and wave conditions, a delta deposit can take on several 
general shapes.  First is the classic “delta deposit” described above and seen in Figure 
7A.  Second is a “wedge deposit,” which is thickest at the dam and then thins in 
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the upstream direction (Figure 7B).  This deposit occurs in small reservoirs or when 
turbidity currents are active because the current through the reservoir is capable of 
transporting sediment to the dam.  Third is a “tapering deposit,” which is thickest at its 
upstream end and thins towards the dam (Figure 7C).  This shape often forms in 
reservoirs kept at a high pool elevation and where the incoming sediment load is all fine-
grained.  The deposition process is similar to the “delta deposit,” but the fine-grained 
nature of the sediment allows it to be carried farther into the reservoir and lengthen and 
thin the overall deposit shape.  Finally, a “uniform deposit,” although rare, occurs were 
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reservoir pool elevation fluctuates frequently and the incoming sediment load is devoid 
of fine material (7D).   
 
Incising River Channels and Dam 
Removal 
 
 Although the science of dam removal and impounded sediment response is fairly 
new, parallels can be drawn from classic and well-studied fluvial geomorphologic 
processes, mainly channel incision driven by base level lowering.  Sea level represents 
the ultimate base level, but along the way a stream may also encounter local base levels 
in the form of resistant outcrops, blockages, or lakes (Gilbert, 1877; Mackin, 1948; 
Leopold and Bull, 1979).  These local base levels in turn form a stable reach to which the 
upstream channel flows, until the causing agent is either removed or buried by alluvium 
(Leopold and Bull, 1979).  If an existing base level is raised or lowered, it is essentially 
equivalent to raising or lowering a barrier in the stream’s path.  The response is to 
aggrade or downcut until the slope is adjusted to that necessary to transport the sediment 
supplied (Mackin, 1948; Leopold and Bull, 1979).  However, the effect of this local base 
level will only be felt a short distance immediately upstream, dying out with distance 
(Leopold and Bull, 1979).   
 Incising channels often show abrupt breaks in their long profiles and it is by the 
headward progression of these steeper knickpoints that the channel adjusts to lower base 
level (Schumm et al., 1987).  During this adjustment phase, channels are not in 
equilibrium, but rather are actively evolving through a series of forms (Schumm et al., 
1987).  Several theoretical models representing the progression of incising forms have 
been suggested by Schumm et al. (1984), Simon and Hupp (1986), and Harvey and 
 25 
Watson (1986).  In general, they all begin with an initial period of incision, followed 
by continued incision and channel widening.  Next, they suggest a period of continued 
widening and aggradation, until a new equilibrium form is reached (Figure 8).  The rate 
at which a given cross section proceeds through these stages is dependent on three 
factors:   1) the rate and magnitude of base level drop; 2) the character and thickness of 
the sediment fill; and 3) the flow characteristics of the river system (Schumm, 1993).  
Rapid base level fall promotes incision with minor lateral migration as the primary 
system response, compared to slow base level fall in which lateral migration plays a 
much larger role early on, leading to a wider, shallower, and more sinuous channel 
(Schumm, 1993).   
 The thickness of the sediment and its caliber determine the discharges necessary 
for adjustment to base level fall (Pizzuto, 2002). Sand, silt, and clay are more likely to 
erode even under low flows and are impacted by the mechanism of incision (process-
driven), as compared to gravel which may only move during a select number of high flow 
events (event-driven) (Pizzuto, 2002) (Figure 9).  Sediment characteristics also impact 
the shape of the channel with sand banks and/or low-cohesion banks forming wider and 
less deeply incised channels, in comparison to clay and/or high-cohesion banks forming a 
narrower and deeper channel (Doyle et al., 2003; Schumm, 1993; Simon and Darby, 
1997).  Cohesive sediments can also help a propagating knickpoint maintain its shape and 
not diffuse with distance, which allows it to progress farther upstream and leads to 
increased incision (Schumm, 1993).  In all cases, bank saturation increases instability, 
which in turn promotes widening (Doyle et al., 2003). 
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Several flume studies have successfully modeled delta incision driven by a lowering of 
base level, and this is possible because the modeled time over which the processes 
operate is sufficiently short (days to years) to assume the other variables will remain 
constant.  This time scale best represents reservoir processes, and not those of a natural 
system.  Schumm et al. (1987) modeled the adjustment of a subaerial fan delta to base 
level drop and observed knickpoint creation, followed by lateral channel migration, 
which ended with nearly the entire upper fan being eroded to the new base level.  Some 
of the original fan surface was left as terraces and deposition once again began at the new 
level and forward of the previous fan location (Figure 10). 
 Cantelli et al. (2004) conducted a similar flume study, except that they 
specifically modeled delta incision driven by base level drop caused by dam removal.  
Generally, their results were similar to those of Schumm et al. (1987), except that their 
channel incised and initially narrowed very rapidly, from downstream upward.  The 
narrowing phase was unexpected and undocumented in other flume studies.  As in other 
studies however, large amounts of sediment were delivered downstream due to the high 
intensity of the incision.  Their explanation of this narrowing phase was that, as water 
was focused into channel flow, the boundary shear stress reached its maximum value at 
the channel thalweg and decreased to zero at its edges.  Afterwards, a slow phase of 
widening occurred and propagated upstream, much as suggested by earlier theoretical 
models.   
 Heller et al. (2001) took advantage of the Experimental Earthscape Facility (XES) 
at St. Anthony Falls Laboratory at the University of Minnesota to observe geomorphic 
and sequence-stratigraphic changes induced by varying rates of base level change.  Even 
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though the timescale modeled is substantially longer than that considered in base level 
fall by dam removal or reservoir fluctuation, many parallels exist between their 
experimental model and previously developed conceptual models.  To begin the 
experiment, a delta was accreted under set conditions and then this initial stratigraphic 
package was subject to several rises and falls in base level.   
 Under slow base level fall in the XES, erosion abruptly migrated headward 
through the basin and also slowly widened the valley.  Deposition took place just 
downstream of this migrating knickpoint, so erosion and deposition moved headward 
together.  This observation agrees with Schumm’s (1987) result that a slow drop in base 
level will tend to give rise to an initially wider and shallower channel.  The grouping  
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and headward migration of zones of erosion and deposition also suggest that slow base 
level drop results in slower progradation of the delta front. 
 Under rapid base level fall in the XES, an incised channel began to form along the 
entire length of the system and no observation of knickpoint formation is mentioned.  As 
steady base level fall continued, so did incision, which created strath terraces along the 
valley.  The eroded sediment drove the initial shoreline basin-ward as the system was 
primarily erosional above the channel mouth and primarily depositional below it.  During 
incision and delta-front progradation, valley width did not greatly increase.  This again 
agrees with previous conceptual models, in that rapid base level fall should give rise to 
deeply incised channels with no substantial widening. 
 In summary, the general conceptual model of delta channel response to base level 
fall is agreed upon, but the magnitude and relative timing of incision versus widening is 
variable and dependent on site-specific hydrologic, sedimentologic, and geologic 
variables.  This in turn makes the adjusted equilibrium channel form dependent on the 
interaction of all of these variables, hampering the accuracy of predictions of form based 
on isolation of only one or a few.  Further, many of the experimental or field studies 
examine base level fall at a discrete position and instant in time (removal of headboards 
in a flume, response of a tributary stream to the incision of the master stream, small dam 
removal) and therefore do not consider the impact of a migrating locus of knick point 
initiation or renewed incision on previously perturbed but un-equilibrated reaches.  
Especially as the number of dams removed increases, it is important to pursue field 
studies that highlight commonalities in response, but also site-specific factors that can 
alter or override phases of current conceptual models.  All of this will lead to the 
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increased understanding of stream response to dam removal or base level drop, and 
will aid in fulfilling the desired predictive role of these models in a political setting.   
 
Slope Stability and Soft Sediment  
Deformation 
 
 A basic understanding of slope stability and its governing variables is important 
for this study because it is one of the primary drivers of stream adjustment to base level 
drop.  Incision proceeds until the stream banks become unstable and fail, and the 
sediment introduced can begin a positive feedback between widening and further bank 
failure.  This is through the presence of the failed sediment in place and/or by deposition 
of the added sediment in point and mid-channel bars, which route flow towards the 
channel banks, leading to undercutting, widening, and continued bank failure.  The 
feedback lessens or halts incision and the stream channel progresses through the later 
phases of the conceptual model of Simon and Hupp (1986), until the channel arrives at a 
new equilibrium.   By understanding what properties of sediment control bank stability, it 
becomes clearer how they respond to incision.  The factor of safety (FOS) of a slope is a 
convenient way to express whether it is stable, marginally stable, or unstable.  It is 
calculated as the ratio of resisting forces to disturbing forces, with >1 stable, 
approximately equal to 1 marginally stable, and <1 unstable. 
 The fundamental conditions necessary for slope stability are fairly easy to grasp; 
some combination of a shear force (the force of gravity resolved parallel to the potential 
failure surface) on a potential failure plane and changes in the cohesive strength of the 
soil must exceed the resistance to shear at the slip surface and the internal cohesion of the 
mass.  The cohesive strength of a soil is determined primarily by the magnitude of 
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interparticle contact forces, the soil density, and moisture (Duncan and Wright, 2005).  
Shear strength can be further subdivided into drained and undrained strength.  Drained, in 
the parlance of soil mechanics, refers to a soil where water is able to freely flow in or out 
during changing load conditions, so that no change of internal pore pressure occurs.  In 
analyses dealing with drained conditions, it is appropriate to express shear strength in 
terms of effective stress (Duncan and Wright, 2005).  Effective stress is defined as total 
stress (the sum of all forces, including interparticle contact and pore-water pressure, 
divided by the total area) minus pore-water pressure (Duncan and Wright, 2005).  
Effective stress is appropriate in drained conditions because pore-water pressures will 
remain unchanged before and after the change in load, and therefore can be negated. 
 Shear Strength = c’ + σ’ff tan φ’ (3) 
where c’ is effective stress cohesion, σ’ff is effective stress on failure plane at failure, and  
 
φ’ is the effective stress angle of internal friction. 
 
 In contrast, undrained refers to a soil where water cannot freely flow in or out 
during changing load conditions and therefore, changes in pore pressure do occur.  In an 
analysis dealing with undrained conditions, things become much more complicated, and 
therefore it is more appropriate to use total stress to define shear strength (Duncan and 
Wright, 2005).   
 In a slope stability analysis, time is the determining factor in whether or not a soil 
is analyzed as drained or undrained, and it is dependent on the transmissivity of the soil 
mass and the length of the drainage path.  If a load is applied slowly or has been in place 
long enough that no excess pore pressures exist due to it, then a drained analysis is 
appropriate.  If the load is applied rapidly or has not been in place long enough to allow 
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excess pore pressure to dissipate, then an undrained analysis is appropriate.  To 
accurately predict the behavior of a slope through time, it may be necessary to conduct 
both drained and undrained calculations. 
 Therefore, under reservoir drawdown conditions, predicting the stability of a 
slope is dependent on whether or not it is considered drained or undrained.  Lane and 
Griffiths (2000) conducted an assessment of slope stability, which includes drainage 
state, under drawdown conditions using a finite-element model and they produced a FOS 
relation 
FOS = c’ + (γz cos2 ß – µ) tan ø’ 
            γz sin ß cos ß (4) 
 
where ß is slope angle, ø’ is the angle of internal friction, c’ is the effective cohesion, γ  is 
the unit weight of soil, z is the depth from ground surface to failure surface, and µ  is the 
pore-water pressure.  In their slow drawdown case, they assumed that the reservoir level 
was decreased slow enough to be drained.  They found that for an initially fully 
submerged slope, FOS decreased as the reservoir was lowered and reached a minimum 
when the level was equal to approximately 70% of the slope height (Figure 11).   It was 
suggested that this observed behavior was due to a trade-off between soil weight and 
frictional strength.  During initial drawdown, the effect of increasing slope weight (due to 
a decreasing buoyancy force) had a greater effect than the increase in frictional strength.  
However, after the level reached ~70% of the slope height, the increasing frictional 
strength exerted a greater influence and hence the increase in FOS.  Thus, it is possible 
for a slope to be stable when fully submerged and fully drained, but to be unstable when 
partially submerged.   
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 In Lane and Griffiths (2000) rapid drawdown case, they assumed that the 
reservoir level was reduced quickly enough that the slope was undrained and that internal 
pore-water pressures reflected the original water level for a period of time after 
drawdown.  This time, the minimum factor of safety was associated with the lowest 
reservoir level reached (Figure 12).   
Importance 
 This thesis builds upon the previous research on base level, channel response and 
adjustment to base level change, response of reservoirs to base level change, and slope 
stability, in order to explore erosion and sedimentation on the Colorado and Dirty Devil 
rivers and North Wash Creek within Lake Powell, near Hite Marina (Figure 5).  Through 
cross section and long profile resurveys, the current state of each system is captured and 
added to the historic record of sedimentation in Lake Powell.  Through comparison to 
this historic data, the evolution of these cross sections and long profiles under reservoir 
drawdown is highlighted and compared to the existing conceptual models of response by 
Simon and Hupp (1986), Harvey and Wattson (1986), and Schumm et al. (1987), and 
flume results of Schumm et al. (1987), Heller et al. (2001), and Cantelli et al. (2004).  
Commonalities and differences in response between the three different sized systems are 
made evident, as are areas of agreement and deviation from the aforementioned models 
and concepts.  The survey data, in conjunction with historic records, is used to estimate 
the volumes of sediment accumulated and eroded through time on each system.  From 
this, deposition and erosion rates are calculated.   
 Delta sediment grain size analysis and observations on the physical attributes of 
the sediment are used to characterize each system and to elaborate on differences in the 
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observed response to base level fall.  Observations on the distribution, orientation, and 
activity of lateral slumping and mud cracks identifies the conditions necessary for these 
features to form, their impact on delta surface morphology, and their effect on sediment 
delivery to the channel. 
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CHAPTER 2 
METHODS 
  
Introduction 
  To complete this study, a wide range of data was used.  Those collected after the 
onset of the lake regression in 1999, both presented in and collected specifically for this 
thesis, have been outlined in Chapter 1.  In addition, historic data of pre-Glen Canyon 
Dam topography and the results of the 1986 BOR bathymetric survey (Ferrari, 1988) are 
used as well.  Respectively, these historic data are necessary to establish the unperturbed 
condition of the three systems in question for this study, and to provide an intermediate 
record of sedimentation under an overall transgressive lake regime.  By using these 
historic records as a guide to carrying out the survey work done by this study, it ensures 3 
things:  1) a continuation of the record of sedimentation in Lake Powell, 2) that direct 
comparisons between time periods can be made, and 3) that like datasets are collected for 
each system, so direct comparisons between systems can be made. 
  
Field Methods 
 
Cross Section Relocation and Survey  
Methods 
 
 The majority of field work associated with this project was aimed at establishing 
the present extent and morphology of the exposed delta sediments, and the present cross 
section and long profile form of the three systems.  In and of themselves, these data give 
no insight to channel evolution through time.  To put the current forms into a historic 
perspective, 10-ft contour interval pre-dam topographic maps were obtained for Lake 
Powell.  These consisted of original copies used and hand annotated by the BOR in 1986 
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(Ferrari, 1988), and a digitized ArcGIS layer file of the maps obtained from the Grand 
Canyon Monitoring and Research Center (GCMRC).  These maps are the only record of 
pre-dam topography and were constructed at a scale of 1:4800 from aerial photographs 
flown in 1958 and 1959 (Ferrari, 1998). 
 In 1986, the BOR conducted a bathymetric survey of 409 range lines in Lake 
Powell in order to quantify sedimentation.  The end points of the range lines, where 
possible, were marked with two inch aluminum monuments between elevations of 3700 
ft and 3750 ft.  Range locations were also documented by the BOR on paper copies of the 
pre-dam topographic maps, on aerial photographs taken as part of the 1986 study, and 
through photographs and written description during the survey itself.  To tie this thesis 
work into the historic record of sedimentation, the above range line documentation was 
acquired from Bill Vernieu at the GCMRC (Figure 13).  In total, this documentation was 
used to locate 18 cross sections on the Colorado River (BOR numbers 281 – 318), 11 
cross sections on the Dirty Devil River (BOR numbers 801 – 820), and 1 on North Wash 
Creek (BOR number 293A) (Figure 14).  The BOR pre-dam maps were also hand 
annotated with adjustments of stream channel contours to show sediment accumulation 
(the “V” of each affected contour denoting the stream channel was moved in the 
downstream direction).  On North Wash Creek, the1986 re-position of five contour lines 
was used as locations for more cross sections in 2007 (Figure 15).  This was done so both 
the 1986 and 2007 cross section elevation was known. 
 On the Dirty Devil River, the 11 cross sections encompass an approximately 10 
river mile reach, with the most upstream cross section lying in the approximate middle of 
delta sedimentation.  Direct access to eight of these cross sections (BOR # 820 – 804) 
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was impossible because they were bounded by 100+ foot high cliffs.  Therefore, 
relocation of these lines was done entirely from the canyon rim looking down.  To 
prepare for future surveying, a location on the canyon rim with a vantage of the entire 
cross sections was chosen and metal nail was driven into the bedrock to mark a control 
point.  Nearby, another pin was installed to serve as a back sight for this location.  After 
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control and back sight points were installed at each cross section, their location was 
surveyed using an RTK GPS system operating in the NAD 83 Utah South State Plane 
coordinate system (Figure 16).   
 The GPS-base station was set up in a location where it could communicate with 
the rover over at each installed monument.  A pin was also installed at this base location.  
The base station was set in this position for several hours and allowed to log its location 
every 30 seconds to create the data file required for an OPUS (Online Positioning User 
Service – www.ngs.noaa.gov/OPUS ) solution.  The National Geodetic Survey (NGS) 
runs this automated service, which is used to calculate the base’s actual position with 
respect to three Continually Operating Reference Sites (CORS).  The GPS-rover for the 
system was placed on each installed bench mark pin, leveled and self supported with a bi-
pod, and allowed to collect data for 45 seconds to determine an averaged position (Figure 
17).  
 In the lab, the base position file was emailed to the NGS and the OPUS solution 
was returned. The difference in location between the initial and OPUS-corrected base 
position was determined and then applied to the rover data, shifting them to their true 
location (within the centimeter-scale level of accuracy the RTK system is capable of) 
(Table 8).  The OPUS solution was also used to convert the GPS-derived ellipsoid 
heights into orthometric elevations.   
 To resurvey each of these eight cross sections, a two-man team traversed the 
canyon rim and set up a total station over each of the installed bench marks.  From here, 
they shot down into the canyon at prisms manned by another two-person team traversing 
the river channel and walking each cross section (Figure 18).  Because each total station 
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location was over a known bench mark, in NAD 83 Utah South State Plane coordinates, 
the collected data required no post processing correction.  No formal line was established 
to guide the rod carriers along each cross section, but distinguishing features from the 
BOR range end point documentation, in combination with radio communication  
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between the teams, allowed the rod team to be guided form above. Where possible, the 
BOR aluminum markers were used as cross section end points, but in most cases the 
bench marks were not accessible and the cross section ends terminated with several 
points on bedrock.  These surveys were completed March 2007. 
 Cross sections 802 and 803 on the Dirty Devil are below the area confined by 
steep canyons and were surveyed entirely with the RTK GPS system.  The end points 
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were surveyed first and then a function within the data logger software was used 
establish and follow, within 10 cm, a line between these two points.  These surveys were 
completed in September 2007. 
 
Range Line Name Easting Northing Elipsoid Height (m)
Range Line 820 CP_00 597840.017420 3142986.969497 1131.921
CP_0 597837.192596 3142995.110596 1132.713
Range Line 819 CP_1 597172.205880 3142663.047474 1143.463
CP_2 597165.850298 3142639.922927 1144.762
Range Line 817 CP_3 598047.855172 3142097.436280 1180.138
CP_4 598031.955965 3142094.797273 1184.564
Range Line 815 CP_5 598728.831032 3141501.233042 1202.228
CP_6 598743.868344 3141498.067378 1202.505
Range Line 813 CP_7 598589.655167 3141091.895516 1193.016
CP_8 598589.906495 3141122.190851 1198.035
Range Line 810 CP_9 597624.560913 3140082.725668 1164.614
CP_10 597627.390492 3140063.261584 1163.668
Range Line 806 CP_11 597688.012784 3139283.075239 1152.691
CP_12 597679.212057 3139281.798732 1152.725
Range Line 804 CP_13 597249.662767 3138659.414761 1124.091
CP_14 597234.467523 3138661.175668 1124.722
Range Line 803 CP_15 597047.842937 3137970.759710 1107.403
CP_16 597025.028544 3138064.922641 1108.950
Range Line 802 CP_17 597009.248543 3136805.802151 1095.087
CP_18 597000.122664 3136823.989595 1095.595
Range Line 801 CP_19 597228.186110 3136681.405638 1098.680
CP_20 597120.747597 3136654.252062 1107.677
*Total Station Locations are ODD -- (00 is ODD)
*Back Sight Locations are EVEN -- (0 is EVEN)
Table 8.  Dirty Devil Controll Point Name, Location, and Elevation 
Information
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 Cross section 801 was originally to be surveyed with 802 and 803, but 
complications in the field prevented this from happening.  Instead, cross section 801 was 
extracted from the LIDAR-derived 1-m DEM using the ezProfiler extension in ArcGIS. 
 The six cross sections on North Wash Creek span an approximately 2.5-mi reach, 
from the upstream extent of the delta at 3700 ft elevation, to the lowest accessible portion 
at lake level (approximately 3590 ft – 3600 ft).  They were much more straightforward to 
relocate and resurvey and were done solely with an RTK GPS system on two occasions.  
To prepare, a control point was installed on a high and open rock outcrop just off of 
Highway 95 along North Wash Creek, and it was surveyed at the same time as those on 
the Dirty Devil.  Then, during the two sessions of RTK surveying, the base was set up 
over this known point so none of the collected data required post processing correction.   
 In October 2006 cross section 293A was relocated and surveyed, along with the 
long profile of the stream from just above delta accumulation to the lowest accessible 
point above the lake.  After the initial survey, it was decided that more cross sections 
would be needed on North Wash in order to capture the extent of sedimentation and to 
allow a good comparison to be made with the Dirty Devil.  Therefore, five more cross 
section locations were identified as earlier described (Figure 15).  End points for these 
five additional cross sections were chosen in the field by first identifying the path of the 
cross section from scans of the annotated pre-dam maps, and then observing where delta 
accumulation ended and hillslope colluvium or bedrock began.  This contact was made 
obvious through several observations: delta sediment was generally tan and often met the 
rust red hillslope deposits horizontally, delta sediment was generally more fine grained 
with nothing coarser than sand, and tamarisk growth often terminated along the contact 
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between delta and hillslope sediments.  Once this contact was identified, an end point 
was selected on the cross section well above this and, were possible, on bedrock.  Then, 
the data logger was used to navigate, within 4 inches, along the line between these points.  
These surveys were completed in September 2007. 
 Eighteen cross sections on the Colorado River were collected from the previously 
mentioned LIDAR-derived DEM.  To extract the cross sections, their location on the 
digitized pre-dam maps was obtained from the BOR range location data and then the EZ-
Profiler extension in ArcGIS was used on the pre-dam map and the DEM (Figure 19).  It 
is important to note that cross sections obtained from the LIDAR data only include water 
surface elevation, because LIDAR is not capable of accurately measuring through water 
due to reflection/refraction of the laser beam. 
 
LIDAR Collection and Processing  
Methods 
 
 LIDAR data were collected on the Colorado River from river mile (above Glen 
Canyon Dam) 145 to 165 on February 17 and 23, 2005 by the National Center for 
Airborne Laser Mapping (NCALM) as part of their Seed Proposal Program.  From the 
last return LIDAR point data, they produced a 1-m DEM in NAD83, UTM Zone 12 
projection with NAVD88 orthometric heights for each flight. The associated error is 5 to 
15 cm.  The gridding for the DEM was done with Surfer 8 software in tiles and 
assembled into a seamless layer with ArcGIS 8.3.    Because vegetation was scarce in the 
area of interest, no bare-earth extraction was done on the returned X-Y-Z coordinates.   
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Sediment Sampling 
 Sediment from the deltas of the Colorado River, Dirty Devil River, and North 
Wash Creek were sampled from measured sections at vertical cut banks in order to 
characterize the grain size distribution of each section (Figure 20).  Each delta was 
originally to be sampled at the top, middle, and most downstream-accessible exposure to 
provide a first approximation of the range of grain sizes present, but this proved to be 
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feasible only on North Wash Creek.  On the Dirty Devil the most upstream accessible 
location was where the canoe was launched during surveying, which is in the 
approximate middle of the delta sediments.  The most downstream accessible location 
was near the confluence of the Dirty Devil and Colorado rivers.  The Colorado River 
sediments proved equally difficult to access, so an accessible upstream exposure was 
located near the Highway 95 bridge crossing and a downstream exposure was located 
near the temporary boat launch across from Hite Marina.  The sample sites were 
separated by approximately 1.5 miles and were both effectively middle samples.  These 
few samples are not enough to accurately characterize the grain size of each system’s 
whole delta, but they are the best approximation available for this study. 
 The collection technique at each exposure was the same and began by measuring 
a stratigraphic section.  A measuring tape was stretched from the top of the vertical cut 
bank to its bottom at or as near as possible to the stream channel.  In some instances, 
portions of the measured sections were separated laterally to work around excessive 
slumping or other obstructions.  Continuous and easily identifiable layers, clays in many 
cases, were used to correlate the upper and lower sections of the stratigraphic column.  
The column was divided where obvious changes were noticed (change in grain size, 
character of bedding, differences in sediment color), qualitatively described, and 
photographed in 4-inch increments.  Finally, sediment was scraped from each described 
package and collected in a Ziploc bag.   
 
Bed Grain Size Characterization 
 Bed clast grain size characterization was only completed on North Wash Creek.   
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Bulk samples were taken from the incised Dirty Devil bed to be sieved, but were lost in a 
field mishap.  The Colorado River carries enough discharge to make wading and 
sampling not possible, and more complex methods were outside of the resources of this 
study.   
 To characterize the bed clast grain size of the incised North Wash Creek channel, 
it was walked from the upper end of the delta to the lowest exposed portion at lake level 
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(~2.5 mi).  This reach was divided into three facies; Cobble (C), Sandy Cobble (SC), 
and Sand (S).  The cobble facies are defined as areas containing an abundance 
(approximately 50% or more) of gravel- to boulder-sized clasts (4 mm to >265 mm).  The 
sandy cobble facies are defined as areas with approximately 10 to 50% of gravel- to 
cobble-sized clasts (4 mm to 265 mm) with an occasional boulder, and more interstitial 
sand and clay.  The sand facies are defined as areas containing very few to no gravel- to 
cobble-sized clasts (4 mm to 265 mm) with an abundance of sand and smaller particles 
(>1 mm).  As the channel was walked, the location and extent of each bed facies was 
roughly drawn onto a copy of a pre-dam topographic map to show the distribution of 
each.  Then, on the return walk, 4 areas of sandy cobble and 4 areas mostly cobble facies 
were selected and each had its clast size randomly sampled 50 times using a gravelometer 
and the step-toe method.  The data for the 4 areas of each facies was combined to give 
200 counts that were used to determine an average grain size for the facies throughout the 
reach.   
 
Laboratory Methods 
 Sediment collected from the measured sections was sieved in order to determine 
the grain size distribution of each sample.  Each 1-quart bag of sample was dried at 100
◦
 
C for several hours and then ground by hand with a mortar and pestle in order to break up 
any clumps of sediment.  Next, a sample splitter was used to divide out one 
approximately 300 gram portion of the sample.  If the sample had few to no visible clay 
clumps before grinding, it was dry sieved through mesh ranging from coarse sand (#18, 
1mm, 0-phi) to fine silt (#230, 0.063mm, 4-phi), in ½-phi increments.  The sediment 
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retained on each sieve or in the base was gathered into a ceramic boat and weighed to 
the nearest thousandth of a gram.  The sediment that passed through all sieves was not 
further divided and represents the combined fine silt/clay portion of the sample.  Some 
organic material was present in many of the samples but a majority of it was large enough 
to be caught in the upper 1 or 2 screens where no sediment was also captured.  This 
material was removed from the sample and in nearly every case the lost weight only 
accounted for approximately 1% of the total weight. 
 If the sample contained a large portion of clay clumps or if the dry sieving process 
collected flat and obviously clumped particles on 1 or more screen, it was wet sieved.  
First, the approximately 300-gram sample was placed in a large plastic beaker and 
combined with roughly 500 ml of a mixture by volume of 4 parts water and 1 part 
Calgon.  Calgon was chosen because it is readily available and contains sodium 
hexametaphosphate, which is a clay defloculant.  Then the sample was agitated for 
several minutes, allowed to rest, and agitated again to suspend the sediment and to allow 
the fine particles to defloculate.  This mixture was then poured onto the #230 sieve and 
shook under gently running water to flush through the fine silt/clay fraction of the 
sample.  Once no sediment was observed passing through the sieve, that left in it was 
collected on a pie tin and dried. The difference in weight between the initial sample and 
the wet sieved and dried sample was the fine silt/clay fraction.  The remaining fractions 
were determined by dry sieving as explained above. 
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Data Processing and Analysis 
Cross Section Processing 
 Cross sections 820 through 804 on the Dirty Devil River were collected in a 
projected coordinate system, not in a local one, and they did not need post process 
correction.  However, visual navigation of the survey rod along the cross section created 
a path that was non-linear.  Thus, a cross section longer than the straight-line distance 
between the start end points was created.  To remedy this, each point was projected onto 
a line between the start and end points using the procedure outlined in Figure 21.  Cross 
sections 803 and 802 on the Dirty Devil and all along North Wash Creek did not need 
this projection because the data logger on the RTK GPS system was used to navigate 
within 10 cm of the line, meaning essentially no length was added from a non-linear path.    
The cross sections were then plotted in Microsoft Excel. 
 Pre-dam cross sections at the surveyed range line locations on the Dirty Devil 
River and North Wash Creek were extracted from the ArcGIS layer file of the digitized 
pre-dam topographic maps.  The collected survey points were added as an ArcGIS X-Y 
data layer to show each cross section’s location, and the EZ-Profiler extension was used 
on the pre-dam topographic map layer to extract the (x,y,z) coordinates of the cross 
section.  When the (x,y,z) coordinates of the pre-dam profile were exported into Excel 
and overlaid with the survey data, the surveyed cross sections were often much wider 
(with a few being equal and smaller) than the pre-dam topographic maps permitted.  This 
is due partially because of the simplified topography of the contour maps and partially 
because the steep canyon walls with overhanging ledges increase the challenges of 
making an accurate map.  Since the maps are the only record of pre-dam topography they 
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were used as the frame of reference and the surveyed lines were shrunk or expanded to fit 
the pre-dam “box” (Table 9).  It is noteworthy that all cross sections had to undergo this 
adjustment, whether surveyed with a total station, RTK GPS, or LIDAR, suggesting the 
discrepancy is independent of survey method.  The final adjustment to the pre-dam 
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topography was adding a 10 ft deep “box” to accentuate the channel bed, as was done 
by the BOR in their 1986 work.  Lastly, a flat line was added at the surveyed elevation of 
sediment accumulation in 1986, which extended from wall to wall on the pre-dam profile.  
The BOR chose this simplification of their survey data because nearly all of their range 
lines showed flat-lying sediment with no channel.  Morris and Fan (1998) comment that 
this observation is expected, because sediment deposition is initially focused in the 
deepest part of the cross section, regardless of the original cross section shape.  This leads 
to a horizontal surface by:  1) turbidity currents transporting and depositing sediment 
along the channel thalweg, 2) the gradient of the suspended sediment concentration 
increasing with depth, and to a lesser extent 3) the concentration of suspended sediment 
being uniform over the cross section at any given horizontal level, therefore causing 
deposition to be proportional to water depth with vertical settling (Morris and Fan, 1998). 
 
Long Profile and Maximum Terrace  
Processing  
 
 Current long profile and maximum terrace profile plots were made for each of the 
three systems in this study.  The long profile measured by this study for North Wash 
Creek was constructed by using the RTK system to measure the channel thalweg every 
several meters, from upstream of the maximum extent of delta accumulation to the lowest 
accessible point above lake level.  To construct the profile, the distance formula 
 Distance = [(x2 – x1)
2
 + (y2 – y1)
2
]
1/2 
(5) 
was used to calculate the distance between each point, and a running total was done in 
Excel from the most downstream point (0) to upstream point (total length of the surveyed 
thalweg).  Then, an ArcGIS X-Y data layer was created from the survey points and  
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Range Line Survey Method Surveyed Width (ft)
Pre-Dam Topo 
Width (ft)
% Shrunk or 
Expanded
Colorado River
281 Lidar 2,461 1,920 -22
284 Lidar 1,988 1,928 -3
286 Lidar 3,236 3,236 0
288 Lidar 3,677 3,641 -1
291 Lidar 3,954 3,915 -1
296 Lidar 3,862 3,862 0
298 Lidar 3,476 3,407 -2
300 Lidar 1,881 1,843 -2
302 Lidar 1,023 1,013 -1
304 Lidar 814 814 0
306 Lidar 959 949 -1
308 Lidar 1,097 1,097 0
310 Lidar 1,102 1,046 -5
313 No Lidar Data No Lidar Data XX
316 Lidar 866 866 0
318 Lidar 841 992 18
Dirty Devil River
801 Lidar 3,104 3,073 -1
802 RTK 1,221 1,130 -7
803 RTK 1,082 1,082 0
804 Total Station 541 541 0
806 Total Station 293 287 -2
810 Total Station 181 184 2
813 Total Station 186 186 0
815 Total Station 325 276 -15
817 Total Station 205 213 4
819 Total Station 238 190 -20
820 Total Station 303 218 -28
North Wash Creek
3580 RTK 448 425 -5
3600 RTK 477 539 13
3620 RTK 548 548 0
3640 RTK 339 329 -3
293A RTK 472 462 -2
3680 RTK 543 527 -3
Table 9.  Percent each surveyed range line was shrunk or expanded to fit within 
pre-dam topography.
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overlaid on the pre-dam topographic map.  A point at the confluence of North Wash 
Creek and the Colorado River was designated as North Wash river mile 0 and from here, 
a line was constructed that followed the channel path of the pre-dam map to the first 2007 
survey point.  The length of the created line designated the North Wash river mile of the 
first survey point.  This value was added to each of the calculated running total distances 
in the long profile survey, putting them all into the designated North Wash river mile 
system.     
 A 2007 maximum terrace profile for North Wash was also constructed in Excel 
which approximates the highest level of delta sediment accumulation (Figure 22).  To do 
this, the highest surveyed point on each cross section that was on the delta surface was 
identified along with its distance upstream.  It was assumed that before incision began the 
delta sediments had accumulated to this level and were evenly distributed horizontally 
across the entire cross section.  This assumption is based on the observation of 
horizontally distributed sediment in the 1986 BOR study and duplicates their method of 
showing maximum sediment accumulation.     
 The 1986 profile was reconstructed by observing where the BOR had relocated 
the crossing of each 10 ft contour interval on the hard copies of the pre-dam maps and 
marking these locations in ArcGIS.  Then, the distance upstream of the elevation contour, 
in the context of the North Wash river mile system, was measured to complete the x-y 
dataset.  The results were compiled and plotted in Excel.   
 The pre-dam profile was reconstructed by measuring in ArcGIS where each 10-ft 
contour originally crossed the stream channel in the context of the North Wash river mile  
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system.  These x-y data were also plotted in Excel.  The overlain pre-dam, 1986, and 
2007 surveys show long profile and maximum terrace evolution through time. 
 The procedures for constructing the current Dirty Devil long profile and 
maximum terrace were very much the same, except that the points for the channel bottom 
and upper terrace extent were only collected at the relocated and surveyed BOR cross 
sections.  Therefore, the profile is only constrained to Dirty Devil river mile 8.9.  From 
here to the upstream extent of the delta, the profile is approximated by a line connected to 
the 3700 ft contour, at river mile 18.7.  The 1986 and pre-dam profile reconstruction 
methods were the same as discussed above. 
 The long profile of the Colorado River from Cataract Canyon to Hite Marina 
(river mile above Glen Canyon Dam 150 to 184) was measured by Utah State University 
research assistant Albert Reichert in late 2004 and early 2005.  He collected boat position 
via constant monitoring with a Garmin GPSMap 76S, and channel depth data using a 
Garmin GPS 168 depth-sounder.  Water surface elevations were collected with a Trimble 
5800 GPS receiver.  The only alteration made by this study to his data was to convert his 
river miles to a system that uses Glen Canyon Dam as 0, instead of the traditional 
Colorado River mile system that places 0 at the Lees Ferry gaging station. 
 Long profile data for the Colorado River through Lake Powell is also available 
from Pratson et al. (2008) from a bathymetric survey completed in 2001.  Their data 
begins at Glen Canyon Dam and reaches Colorado River mile 168.  
 Reichert also measured maximum terrace elevations via GPS in the delta along 
the channel to construct a maximum terrace profile.  The resolution of his work was 
enhanced by this study by using the 1-m DEM collected in the same time frame.  BOR 
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range lines that fell within his observed reach were located, extracted from the DEM in 
ArcGIS, and plotted in Excel.  Reichert’s maximum terrace profile was used to estimate 
where the highest terrace should appear in the cross section.  In some cases, flat topped 
terraces extending out in the cross section were seen near the elevation extrapolated by 
Reichert’s work and those were assumed to be indicators of the highest terrace (Figure 
23).  If nothing convincing was recognized then no alteration of Reichert’s profile was 
made. 
 
Data Analysis 
Volumetric Calculations 
 Quantitative comparison between current, 1986, and pre-dam cross sections began 
by using WinXSPro to calculate the differences in area.  Changes in area were only 
looked for where delta accumulation had taken place.  Areas outside of this range were 
assumed unchanged and equal to the topography represented by the pre-dam maps.  The 
change in area between pre-dam cross sections and 1986 captures the area of 
sedimentation observed by the BOR and accumulated under an overall transgressive 
phase of the lake.   
 The next two time periods compared were 1986 and 1999.  1999 marked the onset 
of the most recent lake regression and it is assumed in this study that this marks the end 
of overall sediment accumulation.  Therefore, the maximum terrace profiles for each  
system are taken to represent 1999 conditions and, in fitting with BOR observations and 
assumptions (Ferrari, 1988), sediment is assumed to be horizontally distributed across 
each cross section.  The difference in area between these two vintages of cross sections  
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represents the maximum sediment accumulation under transgressive to high-stand lake 
conditions. 
 The final two time periods of cross sections compared was 1999 to 2005/2007.  
2005 is survey data for the Colorado River collected by Reichert and NCALM, and 2007 
is survey data for the Dirty Devil River and North Wash Creek collected by this study.  
2005 and 2007 are referred to as “recent” or “present” for each system respectively.  The 
change in cross section area between these two ages of cross section represents sediment 
eroded under the current regressive to low-stand phase of Lake Powell. 
 To use these cross section measurements to estimate the volume of sediment 
accumulated and eroded through time, a concept similar to that used by the BOR (Ferrari, 
1988) was applied (Figure 24).  The basis of the concept was to determine the original 
pre-dam surface area of each 20 ft contour interval, from 3700 ft down, and then integrate 
the volume between successive planes to determine the original storage capacity within 
that interval.  By summing the intervals below a given contour, a storage-elevation 
relationship could be determined.  Then, because sediment accumulation was assumed to 
be horizontal and continuous, the new long profiles constructed throughout the lake were 
used to adjust horizontally where each contour crossed the stream channel.   The contour 
area lost due to sediment accumulation was measured and subtracted from the original 
and through the same integration process, a new volume between successive planes was 
calculated.   
 In 1986 the BOR planimetered the original and adjusted contour areas from the 
1:4800 scale pre-dam maps and then used their Area-Capacity Calculation Program 
(ACAP) to compute the storage-elevation relationships.   For this study, a polygon was 
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created, whose perimeter was each 20-ft contour, from the digital pre-dam map in 
ArcGIS.  The surface area of each polygon was then computed by ArcGIS and added to 
its associated attribute table.  The outlining of each contour was done at a zoom level of 
approximately 1:400 scale with the trace command as much as possible, and best 
judgment was used in areas where the pre-dam contours were incomplete.  The Colorado, 
Dirty Devil, and North Wash systems were analyzed individually by arbitrarily defining 
boundaries around each, so no areas (or subsequently calculated volume) overlapped 
(Figure 25).   
 Next, the 1986 contour crossings were identified from the hard copy pre-dam 
maps and the locations were transferred to the digital copies in ArcGIS.  Essentially the 
crotch of the “v” defining the stream channel on the contour map was moved downstream 
due to sediment accumulation.  The created “finger” of area between the old and new 
crossings was traced into another polygon.  Finally, the recent maximum terrace profile 
was used to again adjust where each 20 ft contour intersected the stream channel in 
question, representing accumulation between 1986 and 1999.  This final finger was traced 
to create a third polygon layer.  The attribute tables for pre-dam, 1986 filled area, and 
1999 filled area polygons were exported into Excel, where the pre-dam contour areas had 
the area lost in 1986 and 1999 subtracted, to show how each had changed through time.    
 The volume between each successive contour for each system and for each time 
period in question was computed in Excel by using the modified prismoidal method.  
This is appropriate when surface area varies as a function of both length and width 
(Morris and Fan, 1998).   
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The formula is 
Volume = H[ A1 + (A1A2)
1/2
 + A2] 
               3 (6) 
   
where H  is the elevation difference between contours and A1 and A2 are the surface area 
enclosed by each contour.  From this data, the volume of sediment accumulation in each 
system from dam closure to 1986 and to 1999 was calculated.   
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 To estimate the volume of sediment mobilized since 1999, under regressive 
conditions, the difference in cross section area between the maximum terrace and the 
most recent survey was extrapolated over a distance half way to the next upstream and 
downstream cross section (Figure 26).  For cross sections at the upstream and 
downstream ends of each reach, the distance used was half way to the next cross section 
plus the distance to the end of that reach.   
 
Estimating Sediment Unit Weight 
 It was necessary to convert between volumes of eroded sediment and sediment 
mass per time, in order to see how sediment volumes calculated under this study compare  
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to the sediment-discharge relationships of Thompson (1984) on the Colorado and 
Green rivers.  Two methods to make this estimation have been put fourth by the U.S. 
Natural Resources Conservation Service (Geiger, 1963) and Lara and Pemberton (1963).  
Geiger (1963) gives estimated unit weight over a small range for grain sizes from clay to 
poorly sorted sand and gravel for always submerged and aerated conditions (Table 10A).  
Lara and Pemberton (1963) used over 1300 sediment samples from U.S. reservoirs to 
create an empirical method for estimating unit weight (Table 10B).  After constructing a 
table of estimated unit weights for sediment types under varying reservoir operations, 
they calculated the sample unit weight by a weighted average of its constituents with the 
following equation  
 W = WCPC + WMPM + WSPS (7)) 
where W is the deposited specific weight (lb/ft
3
), PC, PM, PS are the percent of clay, silt, 
and sand, respectively, and WC, WM, WS are the initial weights for clay, silt, and sand, 
respectively. 
 For this study, a hybrid of methods was employed to estimate the unit weight of 
deposited sediments, and ultimately, the weight of eroded sediment in U.S. tons and 
tons/y.  Each stream has grain size information available, but the silt and clay fraction 
was not further divided, meaning Lara and Pemberton’s estimation could not be used.  
Instead, the form of their equation was implemented and Geiger’s (1963) estimated unit 
weights were used, because his clay-silt mixture and sand grain sizes best represent the 
sediment types for the three streams.  To encompass the range of unit weight possibilities, 
the lowest and highest possible unit weight for each grain size was calculated and 
reported as a range.  Therefore, the clay-silt unit weight ranged from 40 to 85 lb/ft
3
 and 
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the sand unit weight ranged from 85 to 100 lb/ft
3
.  The percentages of sand and 
clay/silt for each stream were computed by averaging each measured section’s grain size 
distribution together on each system to come up with one representative distribution.  The 
equation used to calculate the deposit unit weight was 
 W = WscPsc + WSPS (8) 
where W is the deposit unit weight (lb/ft
3
), Wsc equals 40 or 85 lb/ft
3
 (clay/silt initial unit 
weight), Psc is the percent silt/clay combined size fraction in the sample, WS equals 85 or 
100 lb/ft
3
 (sand initial unit weight), and PS is the percent sand size fraction in the sample.  
These calculated weights were then multiplied by the volumes of eroded sediment for 
each stream and converted into weight in tons.  This value was then converted to tons/y 
A
Dominant Grain Size Always Submerged Aerated
U.S. Customary Units (lb/ft
3
)
Clay 40 to 60 60 to 80
Silt 55 to 75 75 to 85
Clay-silt Mixture 40- to 65 65 to 85
Sand-silt Mixture 75 to 95 95 to 110
Clay-silt-sand Mixture 50 to 80 80 to 100
Sand 85 to 100 85 to 100
Gravel 85 to 125 85 to 125
Poorly sorted sand and gravel 95 to 130 95 to 130
* Geiger, 1963
B
Operational Condition WC WM WS
Continuously Submerged 26 70 97
Periodic Drawdown 35 71 97
Normally Empty Reservoir 40 72 97
Riverbed Sediment 60 73 97
*Lara and Pemberton, 1963
Table 10.  (A)  The table of unit weights for different sediment types under different 
reservoir operating conditions put fourth by Geiger (1963).  (B)  The table of unit 
weights for different sediment types under different reservoir operating conditions put 
fourth by Lara and Pemberton (1963).
Initial Weight (lb/ft
3
)
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by dividing the North Wash and Dirty Devil total weights by 8 (1999 – 2007) and the 
Colorado weight by 6 (1999 – 2005). 
 
Quantifying Channel Plan Form Adjustment 
 The base level drawdown of Lake Powell has occurred, channels have incised and 
adjusted their plan form and cross section in response to changing base level and flow 
conditions.  For North Wash Creek and the Dirty Devil and Colorado rivers, changes in 
confluence locations, active channel width, sinuosity, and river course have been 
measured from 1-m orthorectified aerial photos from 2004 and 2006 in ArcGIS.  Changes 
in active channel length between the two time periods were measured relative to the pre-
dam channel distance from the pre-dam topographic maps.  Assuming that the valley 
length over each reach is constant through time, an increase relative to pre-dam length is 
an increase in sinuosity, and a decrease is a decrease in sinuosity.  Active channel width 
changes were measured by dividing each system in the study area into approximately 1-
mile reaches.  Within these reaches, active channel width was measured from the ortho-
photos approximately every 0.2 mi, unless shadows in the photograph obscured the view 
of the channel.  These measurements were then averaged for each reach and compared 
between years.  The active channel is defined as the area recently reworked by fluvial 
processes and is identifiable by its general lack of vegetation. 
 
 
CHAPTER 3 
 
RESULTS 
 
 
Introduction 
 
General Impacts of Reservoir Drawdown 
on the Study Area 
 
 As Lake Powell pool elevation began to drop in 1999, the streams that had 
previously been depositing sediment and forming deltas began incising and remobilizing 
it downstream.  This led to the establishment of incised channels within the sediments 
and the formation of fill terraces as the delta surface was abandoned.  The highest 
elevation of terrace is interpreted as the maximum level of sediment accumulation prior 
to recent base level fall.  This upper terrace has remained relatively stable after incision 
and it has been colonized by invasive tamarix spp. throughout the study area.  The 
remobilized sediment of each study drainage was transported through the newly 
established fluvial regime and deposited near the new lake (base level) elevation, leading 
to delta front progradation.  
    
Visual Observation of Exposed Sediments 
 The sediments deposited and reworked differ from system to system within the 
study area.  Qualitatively, the sediment exposed in the North Wash Creek cut banks is 
primarily sand, separated by thin-beds of cohesive fine-grained silt and clay.  Because of 
its generally sandy nature, the cutbanks and upper delta surface do not show evidence of 
cohesion or desiccation from exposure.  The sediment exposed along the Dirty Devil 
River is qualitatively similar to that of North Wash Creek.  However, the fine-grained silt 
and clay beds are much thicker (inches to feet in scale), and thicken in the downstream 
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direction.  At the confluence, these thick lithified silt/clay packages comprise large 
areas of the delta surface and they show evidence of desiccation and slumping upon 
exposure.  The sediments exposed in the Colorado River cut banks appear qualitatively to 
be the finest of the three systems.  The silt and clay beds are feet in scale and their 
morphology is heavily influenced by post-exposure slumping and desiccation.  Deep mud 
cracks are prominent near Hite, as are landslide head scarps, which disrupt the otherwise 
level upper terraces.     
 
Field Results 
 
Cross Section Resurveys 
  
 North Wash Creek.  Each cross section along North Wash Creek shows some 
evidence of a well-defined terrace on one or both sides of the channel (Figure 27).  In the 
field, the ends of this surface coincide with a shift from delta sediment to hillslope 
colluvium or bedrock.  This change is obvious, because the delta sediments are generally 
lighter in color than the rust-red hillslope deposits and generally finer grained with no 
pebbles or larger clasts.  These flat-topped terraces are consistent with a deposit that was 
once evenly distributed and relatively flat throughout the channel, just as the BOR 
observed in 1986 (Ferrari, 1988).  With this evidence, a horizontal line can be drawn 
along this surface and the maximum extent of sediment accumulation prior to incision is 
estimated.   
 From dam closure in 1963 to the BOR’s first survey in 1986, an average of 1,420 
ft
2 
of sediment had accumulated at each of the six cross sections (Table 11).  This equates 
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to roughly 62 ft
2
/y during the 23-year period.  By 1999, these same cross sections each 
contained an average of 7,453 ft
2
 of sediment, meaning each gained approximately 6,033 
ft
2
 of sediment in the 13 years between 1986 and 1999.  This is equal to a rate of 464 
ft
2
/y, an increase in the apparent 2-D sedimentation rate of 652%.  When looking at the 
area of accumulation on a cross section versus distance upstream, the data for 1986 and 
1999 show a similar shape, but the 1999 data show that more sedimentation occurred in 
the most downstream three cross sections as compared to those upstream (Figure 28).  
This is seen by the increasing divergence between the 1986 and 1999 data on the 
downstream end.   
 The 652% increase in cross section sedimentation rate is highly suggestive of 
decreasing sediment bypass through the reach with time, an increase in sediment delivery 
to the lake between 1986 and 2007, or both.  However, the 1986 long profile was created 
by the BOR from two cross sections (293 and 293A), with the upstream termination at  
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 3700 ft elevation and the downstream termination at the sediment elevation on the 
Colorado River.  Therefore, much of the long profile was extrapolated and not 
necessarily representative of true sediment accumulation.  The 2007 cross section 
locations are based on the 1986 profile, but the data collected at each was directly 
surveyed instead of extrapolated (Figure 29C).  The comparisons made between the 1986 
and 2007 data are in error because the baseline 1986 data is oversimplified.  Further 
supporting the conclusion that data quality is the cause of the apparent increasing 2-D 
accumulation rate, is a comparison of deposition rates on BOR range line 293A versus 
the other range lines surveyed (Table 12C).  It shows only a 35% increase, while the 
remaining 5 show an increase between 155% and 460%.  Thus, there is not enough 
evidence to conclude a true increase in sediment delivery to the reach.    
 The estimated maximum surface of sediment accumulation can also be used to 
calculate the amount and rate of stream incision since the onset of the recent base level 
drop.  For North Wash Creek, the average total incision, as measured by the distance 
between the estimated maximum delta surface and the lowest point in the cross section, 
for the 8 year period between 1999 and 2007 is 16 ft (Table 11).  This works out to 2 ft/y.  
Measurements from XS3580 were excluded in calculating these averages, because the 
overall shape is very different from those upstream.  The depth of incision is very small 
and the cross section is generally flat at an elevation just under 3610 ft.  This means that 
the area near XS3580 has been exposed and submerged several times since the onset of 
base level fall and represents an area subjected to accumulation and incision, unlike the 
upstream cross sections. 
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 The bed material of North Wash Creek was unique in that it contained elements 
of its pre-dam form, as well as of delta sedimentation.  A facies map of the active channel 
shows the distribution of the three described categories over the study reach (Figure 30).  
The bed cobble grain size for the C and SC facies was sampled with a gravelometer 
(Figure 31).  The upper portion of the reach showed the presence of cobble to boulder-
sized clasts in the stream channel that are not being supplied from incision in the fine-
grained delta sediments.  These large clasts are often seen in areas of the channel that 
have a multi-threaded, or step-pool morphology, both of which are seen in the un-
impacted channel upstream of the lake (Figure 32).  Progressing downstream, these large 
clasts and step-pool areas become less and less noticeable, until these features disappear 
all together.  At this point, fine-grained sediment buries these clasts and the pre-dam 
stream morphology.  Interstitial material within the bed clasts was not sampled, but is 
qualitatively comparable to the material in the delta cut banks. 
 Dirty Devil River.  Much like North Wash Creek, the cross sections along the 
Dirty Devil River show a well-defined terrace on one or both sides of the channel (Figure 
33).  Over the entire reach, this surface terminates against solid bedrock canyon walls, so 
there is no mistaking the lateral ends of sedimentation.  The maximum extent of 
sedimentation was again approximated with a horizontal line at the terrace’s elevation.
 Between 1963 and 1986, the 11 cross sections along the Dirty Devil River each 
accumulated an average of 17,579 ft
2
 of sediment; an apparent 2-D rate of 764 ft
2
/yr 
(Table 13).  
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 By 1999 the average area contained in each cross section was 39,623 ft
2
, meaning 
each cross section gained approximately 22,044 ft
2 
of sediment over a 13 year period.  
This equates to an apparent 2-D sedimentation rate of 1,696 ft
2
/y, a 247%  
increase over the rate from 1963 to 1986.  When comparing the area of sediment 
accumulated on a cross section versus its distance upstream, the 1986 and 1999 data 
show a similar shape but the lines strongly diverge in the most downstream 3 cross 
sections (Figure 34).  This shows increased sedimentation in these cross sections as 
compared to those upstream. 
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 The depth of incision on the Dirty Devil River averaged 27 ft, from the estimated 
maximum delta surface to the minimum channel bottom elevation (Table 13).  This 
represents an incision rate of 3.5 ft/y. 
 A bed facies map was not completed for the Dirty Devil River for practical and 
logistical reasons. 
 
 Colorado River.  In many of the cross sections, the Colorado River shows a well-
defined terrace on one or both sides of the channel (Figure 35).  However in others, the 
terrace width is very narrow and/or the terrace itself shows more relief than those on the 
other two streams.   
 From 1963 to 1986, the cross sections on the Colorado River accumulated an 
average of 66,859 ft
2
 of sediment, an apparent 2-D rate of 1,857 ft
2 
/y (Table 14).  When 
calculating the amount of sediment accumulated on each cross section prior to base level 
fall, the picture on the Colorado River becomes much more complicated.  Cross sections 
281 through 291 lie in an area where excavated sediment from base level fall induced 
 89 
incision has been re-deposited (Figure 36).  Therefore, their areas of maximum 
accumulation represent a time period from 1963 to 2005 because they contained no 
sediment at an elevation high enough to be incised during base level fall.  Cross sections 
296 through 318, on the other hand, lie on a portion of the delta that was formed prior to 
the beginning of base level drop in 1999.  Therefore, they represent the maximum extent 
of sediment accumulation prior to base level drop (1963 to 1999) and under incision are 
sources of sediment for cross sections 281 through 291.  When the record is divided as 
such, the average accumulation from 1963 to 1986 for each cross section 296 through 
318 becomes 62,452 ft
2
, at an apparent 2-D rate of 1,735 ft
2 
/y.  From 1963 to 1999, cross 
sections 296 through 318 had each accumulated approximately 120,848 ft
2
 of sediment, 
an increase of 58,397 ft
2 
over 13 years.  This equates to an average 2-D sedimentation 
rate of 4,492 ft
2
/y, or an increase of 159% of the 1963 to 1986 rate.  The pattern of 
sediment accumulation on a cross section versus its distance upstream is similar for the 
1986 and 1999 data, but there is a strong divergence in the data for cross sections 296 
through 300 (Figure 37).  This is due to increased sediment deposition relative to the 
upstream cross sections.  The divergence in the data for cross sections 281 through 291 is 
even larger and is due to remobilized upstream sediment being deposited here after the 
onset of base level drop.   
 Rates and amounts of incision for the Colorado River were only calculated for 
cross sections 296 through 318, because the cross sections downstream have undergone 
substantial aggradation (and possibly some incision) since the onset of base level drop, 
instead of overall incision alone.  The average incision for cross sections 296 through 318 
was 52.5 ft at an average rate of 8.8 ft/y (Table 14).  Incision was measured from the  
 90 
 
 91 
 
 92 
 
 93 
 
 94 
C
r
o
ss
 S
e
ct
io
n
R
iv
e
r 
M
il
e 
(U
p
st
r
ea
m
 o
f 
G
le
n
 
C
a
n
y
o
n
 D
a
m
)
A
re
a
 o
f 
A
c
cu
m
u
la
ti
o
n
 1
9
6
3
 
to
 1
9
8
6
 (
ft
^
2
)
A
r
ea
 o
f 
A
cc
u
m
u
la
ti
o
n
 
1
9
6
3
 t
o
 2
0
0
5
 (
ft
^
2
)
A
re
a
 o
f 
E
r
o
si
o
n
 
fr
o
m
 1
9
9
9
 t
o
 2
0
0
5
 
(f
t^
2
)
D
ep
th
 o
f 
In
ci
si
o
n
 
F
ro
m
 M
a
x
im
u
m
 
T
er
ra
c
e 
(f
t)
In
ci
si
o
n
 R
a
te
 1
9
9
9
 -
 
2
0
0
5
 (
ft
 /
 y
ea
r
)
2
8
1
1
5
0
.7
5
2
,0
0
6
1
3
5
,4
1
5
4
,6
8
2
8
--
2
8
4
1
5
1
.4
7
8
,0
9
4
2
0
1
,4
1
4
2
3
,1
4
1
2
2
--
2
8
6
1
5
1
.8
6
8
,5
1
4
2
0
4
,9
7
6
2
7
,5
7
0
2
2
--
2
8
8
1
5
2
.7
7
1
,0
6
3
2
3
8
,9
7
3
6
2
,0
3
6
2
5
--
2
9
1
1
5
3
.2
1
0
8
,6
8
9
2
9
8
,4
4
9
4
8
,5
8
2
3
8
--
A
v
er
ag
e:
7
5
,6
7
3
2
1
5
,8
4
5
3
3
,2
0
2
2
3
--
S
ta
n
d
ar
d
 D
ev
ia
ti
o
n
:
1
8
,5
9
3
5
3
,2
0
5
2
0
,0
7
1
9
.5
C
r
o
ss
 S
e
ct
io
n
R
iv
e
r 
M
il
e 
(U
p
st
r
ea
m
 o
f 
G
le
n
 
C
a
n
y
o
n
 D
a
m
)
A
re
a
 o
f 
A
c
cu
m
u
la
ti
o
n
 1
9
6
3
 
to
 1
9
8
6
 (
ft
^
2
)
A
r
ea
 o
f 
A
cc
u
m
u
la
ti
o
n
 
1
9
6
3
 t
o
 1
9
9
9
 (
ft
^
2
)
A
re
a
 o
f 
E
r
o
si
o
n
 
fr
o
m
 1
9
9
9
 t
o
 2
0
0
5
 
(f
t^
2
)
D
ep
th
 o
f 
In
ci
si
o
n
 
F
ro
m
 M
a
x
im
u
m
 
T
er
ra
c
e 
(f
t)
In
ci
si
o
n
 R
a
te
 1
9
9
9
 -
 
2
0
0
5
 (
ft
 /
 y
ea
r
)
2
9
6
1
5
4
.7
9
0
,7
9
5
2
0
4
,3
1
1
2
5
,2
0
7
3
6
5
.9
2
9
8
1
5
5
.2
3
7
,7
8
0
1
4
8
,0
1
9
3
0
,9
2
9
5
5
9
.1
3
0
0
1
5
5
.8
3
8
,2
2
3
1
0
7
,2
9
2
3
2
,7
4
0
5
2
8
.7
3
0
2
1
5
6
.6
3
4
,6
7
0
6
8
,8
6
3
1
9
,7
8
2
5
4
8
.9
3
0
4
1
5
7
.6
5
9
,9
3
3
1
0
8
,0
0
7
2
5
,0
7
2
5
0
8
.4
3
0
6
1
5
8
.8
6
8
,4
6
7
1
1
2
,7
7
3
1
8
,7
7
7
5
0
8
.3
3
0
8
1
5
9
.8
7
0
,2
9
4
1
2
2
,7
4
7
2
4
,3
8
8
5
9
9
.9
3
1
0
1
6
0
.8
7
3
,4
8
0
1
2
2
,0
5
4
2
5
,3
4
5
6
1
1
0
.2
3
1
6
1
6
3
.4
8
6
,7
4
7
1
2
5
,0
4
8
3
4
,0
3
8
5
8
9
.6
3
1
8
1
6
4
.3
6
4
,1
3
0
8
9
,3
6
7
2
1
,1
7
8
5
0
8
.4
A
v
er
ag
e:
6
2
,4
5
2
1
2
0
,8
4
8
2
5
,7
4
6
5
2
8
.7
S
ta
n
d
ar
d
 D
ev
ia
ti
o
n
:
1
8
,9
4
6
3
4
,4
0
1
5
,0
2
3
6
.8
1
.1
T
a
b
le
 1
4
. 
 A
re
as
 o
f 
ac
cu
m
u
la
ti
o
n
 o
n
 t
h
e 
C
o
lo
ra
d
o
 R
iv
er
 c
ro
ss
 s
ec
ti
o
n
s 
fo
r 
1
9
6
3
 t
o
 1
9
8
6
 a
n
d
 f
o
r 
1
9
6
3
 t
o
 1
9
9
9
, 
ar
ea
s 
o
f 
er
o
si
o
n
 
fr
o
m
 1
9
9
9
 t
o
 2
0
0
7
, 
an
d
 i
n
ci
si
o
n
 a
m
o
u
n
ts
 a
n
d
 r
at
es
.
 
 95 
 
 96 
estimated maximum terrace to the water surface on the date the LIDAR was flown 
(February 18 and 22, 2005).  This is because LIDAR is not capable of accurately 
measuring submerged topography due to water’s effect on absorbing and scattering the 
laser signal.  Therefore, incision may be 3 to 6 ft (or more) greater than reported. 
 No bed material observations were made for the Colorado River.  
 
Long Profile Resurveys 
 North Wash Creek.  The channel has incised nearly back to its pre-dam profile in 
the upper 1 mi of the reach, as evidenced by the presence of elements of its pre-dam 
morphology.  These elements include cobble to boulder-sized clasts that are not being 
supplied from the fine-grained delta sediments and areas of the channel that have a multi-
threaded, or step-pool morphology.  Progressing downstream, these large clasts and step-
pool areas become less and less noticeable, until near river mile 2.95 these features 
disappear all together.  The long profile in figure 38 indicates that this transition should 
occur farther upstream, closer to river mile 3.2.  However, the plan form of the channel in 
this area shows that it has shifted laterally towards the valley sides in relation to its pre-
dam path.  This means the exposed pre-dam material was originally at a slightly higher 
elevation on the stream’s bank or flood plain.  Therefore, current incision does not have 
to progress as far to uncover them.  Beyond river mile 2.95, the increasing thickness of 
fine-grained sediment buries the large clasts and the original stream morphology.   
 Along the entire incised channel reach, the distance between the 2007 channel 
bottom and the uppermost terrace level remains fairly constant until just above lake level.  
Here, the two profiles converge and meet at lake level.  Sediment deposited into the lake 
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downstream of this point is being deposited on the delta foreset beds and is contributing 
to delta front progradation.  It is interesting to note that this sediment will not contribute 
to the Colorado River delta any time in the near future due to a large accumulation of 
sediment, deposited by the Colorado River on its right bank, blocking the confluence of 
the 2 systems.  This blockage of accumulated sediment can be seen in the North Wash 
long profile, from its confluence with the Colorado River to 0.5 mi up North Wash.  The 
blockage portion of the profile was extracted from the 1-m LIDAR DEM (Figure 38).  
This blockage has also impacted the lowest elevation of base level seen by North Wash 
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Creek.  When the LIDAR data was flown in February of 2005, Lake Powell was at an 
elevation of 3559 ft.  However, the blockage created a lake at the mouth of North Wash 
with a water surface elevation of approximately 3590 ft. 
 The maximum terrace and 1986 delta profiles are roughly parallel at their 
upstream end and then diverge at their downstream end.  This divergence signifies 
increased sedimentation in these downstream cross sections relative to those upstream.  It 
is also worthy to note that the maximum terrace profile shows a break in slope just under 
elevation 3640 ft.   
 Dirty Devil River.  The Dirty Devil has experienced substantial sediment 
accumulation since the closure of Glen Canyon Dam in 1963 (Figure 39).  In 1986, it was 
 99 
one of the few reservoir tributaries to have a portion of its delta, in this case its 
bottomset and foreset beds, extend all the way into the main channel storage area of the 
Colorado River (Ferrari, 1988).  Aggradation between 1986 and 1999 shows a similar 
pattern to North Wash Creek in that the downstream cross sections outpace those 
upstream, as shown by the increasing divergence of the 1986 delta profile and the 2007 
maximum terrace profile (Figure 39).  The maximum terrace profile also shows a break 
in slope at elevation 3640 ft.   
 Along the 8.9 river mile reach where the bed profile is known, the channel bottom 
is 60 ft to 100 ft above its pre-dam bed.  Its channel is formed completely in accumulated 
delta sediments and there is no evidence of any pre-dam channel morphology similar to 
what was seen on the upstream end of North Wash Creek.  The only place where this may 
be seen on the Dirty Devil River is at the very upstream end of delta accumulation where 
no surveys were done as part of this study. 
 Colorado River.  The Colorado River is the main water and sediment source for 
Lake Powell.  Because of this, it has accumulated a substantial delta at the head of the 
reservoir (Figure 40).  In 1986 the hinge-point of the delta was near river mile 167.  Prior 
to reservoir drawdown in 1999, the hinge-point had prograded downstream to river mile 
155.  Much like the Dirty Devil delta, the Colorado’s topsets filled upstream 
accommodation space, forcing the downstream progradation of the delta front.  However, 
unlike the Dirty Devil, the topsets did not fill to 3700 ft in elevation.  This is because the 
narrow canyon at the upper end of the reservoir and the high inflows of the Colorado are 
capable of carrying sediments further downstream before depositing them (Ferrari, 1988).   
 
 100 
 
  
Like both North Wash and the Dirty Devil deltas, the Colorado’s shows a break in slope 
near elevation 3640 ft (in this case, just above it).   
 After the data were assembled to construct the 2005 maximum terrace profile, it 
was assumed that it represented the maximum accumulation of delta sediment on the 
Colorado River.  However, once the bathymetry of Pratson et al. (2008) was added to the 
plot it became obvious that this is not the case.  The downstream end of the bathymetry 
captures what are likely to be the foreset beds of the delta, and a sharp break in slope 
occurs where the incising channel intersects this surface.  If the 2001 incising channel is 
ignored, the steep faced beds align perfectly with a steep portion of the 2005 maximum 
terrace profile.  The continuation of the maximum terrace profile downstream of this 
 101 
junction could not have been due to pre-base level drop accumulation, otherwise the 
2001 bathymetry would have recorded it.  Therefore, the portion of the maximum terrace 
profile downstream of the 2001 delta front represents remobilized and re-deposited 
upstream sediment sourced from base level drop induced incision.  The combination of 
bathymetry from Pratson et al. (2008) and a portion of the maximum terrace profile best 
represent maximum pre-base level drop delta accumulation on the Colorado River.   
 Even though substantial incision has taken place on the Colorado River, its 2005 
channel bed still lies approximately 80 ft to 140 ft above the pre-dam bed.  The current 
channel is forming completely in accumulated delta sediments and there is no evidence 
for any emerging pre-dam channel morphology, except perhaps at the very upstream end 
of delta accumulation.   
 
Delta Sediment: Grain Size and 
Physical Characteristics  
 North Wash Creek.  North Wash Creek was sampled for sediment grain size and 
stratigraphy at upstream, middle, and downstream exposures.  Table 15 summarizes the 
grain size analysis of each measured section.  The bulk grain size of fine sand and smaller 
sized particles (<0.18 mm) comprise the majority of each setion.  The most upstream and 
middle columns are very similar in grain size distribution and downstream fining isn’t 
seen until the most downstream column.  Here, the fine silt and smaller sized particle 
(<0.063 mm) percentages increase at the expense of very fine and fine sand (<0.09 mm 
and <0.18 mm respectively).  It is interesting to note that even though downstream fining 
occurs, this column also contains the coarsest individual sample (NWB3).   
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 The thickness of each sampled bed at the individual transects was thin to 
medium bedded, generally <20 in, with exceptions.  Beds composed of sand-sized 
particles were laminar to rippled in their bedding and often showed gradation, either 
coarsening or fining upward.  These packages were generally separated by thin (<10 in), 
hard, and desiccated silt/clay layers.   
 At each of the sample sites, no deep (foot scale or greater) mud cracking or lateral 
sediment slumping within the interior of the deposit was observed (Figure 41).  Bank 
failure was limited to slumped unconsolidated sediment with no evidence of block 
failure-type collapse. 
 Dirty Devil River.  The Dirty Devil delta was sampled in two locations.  The most 
upstream accessible location, labeled Dirty Devil Top, is in the approximate middle of 
the delta, and the most downstream location is near the confluence with the Colorado 
River.  Table 16 summarizes the grain size analyses of each vertical transect.  The bulk 
grain size for each transect is composed of fine sand and smaller particles (<0.18 mm).  
When moving from upstream to downstream samples, a large increase in silt/clay sized 
particles (<0.063) occurs at the expense of other grain sizes.   
 The thickness of each sampled layer at the individual transects is thicker than on 
North Wash, and also thicker from upstream to downstream on the Dirty Devil.  
Upstream layers were generally <20 in thick, with one exception, while downstream 
layers were between 30 and 50 in, with one exception.  Sand layers in the upper transect 
showed laminar or climbing ripple bedding with a gradation from one to the other.  
Silt/clay layers were thicker than on North Wash and ranged from 2 to 20 in in thickness.  
These layers were hard, desiccated, and showed evidence of iron concretions or staining. 
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Stratigraphic Column Location = Dirty Devil Bottom (Downstream)
TOP of Column BOTTOM of Column
Sample Number DDB1 DDB2 DDB3 DDB4 DDB5 DDB6 Entire Column
Grain Size
Coarse Sand 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Medium Sand 0.2 0.8 0.3 0.7 0.1 0.4 0.4
Fine Sand 0.7 2.7 0.6 2.5 0.3 10.4 2.9
Very Fine Sand 3.0 21.8 2.1 15.9 0.8 60.0 17.6
Silt/Clay 96.0 74.8 97.0 80.9 98.9 29.2 79.2
Total %: 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Stratigraphic Column Location = Dirty Devil Top (Upstream)
TOP of Column BOTTOM of Column
Sample Number DDT1 DD2 DDT3 DDT4 Entire Column
Grain Size
Coarse Sand 0.0 0.0 0.1 0.1 0.0
Medium Sand 0.5 0.3 0.9 0.4 0.5
Fine Sand 18.9 4.8 32.2 20.0 19.2
Very Fine Sand 49.0 41.9 47.8 51.3 47.6
Silt/Clay 31.5 53.1 19.0 28.3 32.6
Total %: 100.0 100.0 100.0 100.0 100.0
Table 16.  Grain size analysis for each sample from the two measured sections 
on the Dirty Devil River
 
 
 At the upstream sample site, no deep mud cracks or lateral slumping on the 
interior of the deposit were present (Figure 42A).  Bank failure was constrained to 
unconsolidated slumping with no evidence of block-failure type collapse.  By contrast, 
the downstream sample site showed deep mud cracks which vertically dissected the cut 
banks into pillars (Figure 42B, C).  Little bank slumping was noticed but block-failure 
bank collapse was more prevalent.  Moving to the interior of the deposits, lateral 
slumping was witnessed with typical offsets on the order of several feet. 
 Colorado River.  The Colorado delta was sampled in 2 locations approximately 
1.5 mi apart.  Table 17 summarizes the grain size analysis of each vertical transect.  
Particles of fine sand and smaller (<0.18 mm) again dominate the bulk distributions of 
each site.   
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Stratigraphic Column Location = Colorado Bottom (Downstream)
TOP BOTTOM
Sample Number COB1 COB2 Entire Column
Grain Size
Coarse Sand 0.0 0.0 0.0
Medium Sand 0.0 0.2 0.1
Fine Sand 0.9 0.6 0.8
Very Fine Sand 15.6 1.1 8.9
Silt/Clay 83.5 98.1 90.2
Total %: 100.0 100.0 100.0
Stratigraphic Column Location = Colorado Top (Upstream)
TOP BOTTOM
Sample Number COT1 COT2 COT3 Entire Column
Grain Size
Coarse Sand 0.1 0.0 0.0 0.0
Medium Sand 0.5 0.2 0.5 0.4
Fine Sand 2.2 15.8 18.8 13.6
Very Fine Sand 5.0 53.7 56.6 42.5
Silt/Clay 92.2 30.3 24.0 43.4
Total %: 100.0 100.0 100.0 100.0
Table 17.  Grain size analysis for each sample from the two 
measured sections on the Colorado River.
 
  
 The thickness of individual layers in each transect is the greatest here, with layers 
ranging from 20 to 60 in.  In the upstream column, the fine sand layers show laminar to 
long wave length rippled bedding with some climbing ripples, and they contain enough 
clay to be fairly cohesive.  The silt/clay layers are laminar to massive.  In the downstream 
column, bedding in all layers tends to be laminar to massive, and the entire transect 
contains enough clay to be cohesive. 
 Deep meter-scale mud cracks prevail throughout the silt/clay layers and divide it 
into pedestals.  In the upstream transect, these cracks terminate at the contact between the 
upper silt/clay layer and the lower fine sand layer (Figure 43A – C).  The lower transect 
shows deep mud cracks throughout (Figure 43D).  Bank collapse occurs as block-type 
failure, although there is some unconsolidated slumping in areas with prevalent layers of 
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sand exposed in the banks.  Lateral slumping occurs on the interior of the delta and is 
generally oriented parallel to the river channel direction, with offsets on the order of 
several feet. 
 
Lateral Slumping and Mud Cracking: 
Distribution, Orientation, and Activity 
 
 Lateral slumping and mud cracks are two readily observable responses of the 
delta sediments to subaerial exposure under lake draw down.  These two features are not 
uniformly distributed over the surface of each delta, nor do they necessarily occur in each 
system’s delta.  The distribution of these features near sediment grain size sampling sites 
has been discussed above and the following section will clarify their distribution 
throughout the entire study area. 
 Colorado River.  The exposed delta surface near Hite Marina shows prevalent 
mud cracking over nearly its entire exposed surface (Figure 44).  The depths of cracks are 
generally deeper towards the center of the basin, and they are associated with thick 
packages of well consolidated, silt/clay sediment (Figure 45).  In areas where sediments 
are less cohesive, and/or coarser material, mud cracks do not form.  If cohesive layers 
overlay these sediments, the cracks will terminate at the contact between the two.  
Upstream from Hite, mud cracking becomes less prevalent and eventually disappears. 
 Lateral slumping is active in exposed sediments near Hite and extends 
approximately 12 mi upstream (Dohrenwend, 2005).  Further upstream, its occurrence 
drops and becomes a localized event.  Generally the lateral slumps are concave in shape 
and oriented parallel to the stream channel direction.  When they stack behind each other 
moving away from the channel edge, their plan form resembles a concoidal fracture  
 110 
 
  
 
 111 
pattern.    Lateral slumping has been observed to be most active during periods of 
rapid channel incision, driven either by elevated river flows or rapid reservoir draw down 
(Dohrenwend, 2005) (Figure 46).  With time, re-inundation and exposure has eroded the 
lateral slumps in Figure 46 into a relatively smooth surface.   
 Dirty Devil River.  Mud cracks on the Dirty Devil delta are limited to 
approximately 1 mi above its confluence with the Colorado River (Figure 44).  Here, 
thick packages of silt/clay are present at the delta surface which allows the cracks to 
form.  Above this reach, the silt/clay package thins and/or does not lie on the delta 
surface and the cracks do not form. 
 Lateral slumping on the Dirty Devil River occurs up to about 2 mi above the 
confluence with the Colorado River.  Map view photographs of the slumping pattern 
make it appear that it is occurring perpendicular to the channel direction and propagating 
downstream, however this is not the case (Figure 44).  Slumping still occurs parallel to 
the channel direction.  Towards the basin margins, slumps tend to occur oriented parallel 
to the basin margins (and the stream channel).  Above this reach, little to no lateral 
slumping occurs. 
 North Wash Creek.  On North Wash Creek, no mud cracking or lateral slumping 
occurs.  No part of the exposed delta has a thick package of silt/clay capping it, and 
observations on the Colorado and Dirty Devil rivers suggest this is a necessary condition 
for their formation.  Furthermore, North Wash Creek does not show any thick (foot-scale) 
silt/clay layers in its stratigraphy and grain size analysis has shown that its delta is the 
coarsest of the three systems.  However, the thin (inch-scale) clay layers present do show 
a similar desiccation cracking, but do not affect delta surface morphology (Figure 47).    
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Channel Plan Form Adjustment 
 North Wash Creek.  The confluence between the Colorado River and North Wash 
has been eliminated due to sediment accumulation along the right bank of the Colorado.  
A plug of sediment has been deposited by the Colorado River and the delta of North 
Wash has not prograded to this point yet.  Because of this, North Wash empties into a 
lake formed between its stream channel end and this plug of sediment.   
 In 2004, the center line of the active channel from North Wash river mile 2.1 to 
5.9 measured 3.72 mi, a reduction in the pre-dam channel length of 0.08 miles.  Due to an 
increased lake level the 2006 channel was measured between river mile 2.32 and 5.9.  
The measured distance was 3.55 mi, a reduction in channel length of 0.07 mi (Table 18).  
The change in active channel length in each time period is not outside the range of error 
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measuring from a 1:4800 scale photograph, so a definitive change in sinuosity cannot be 
stated.   
 Even though the channel length has not changed significantly from its pre-dam 
condition, one important change in plan form has occurred near river mile 2.4.  The 
channel has incised and established itself over a bedrock outcrop that used to be on its 
river left (Figure 48).  It has incised all the way down to that outcrop, forming a local 
base level to which the rest of the upstream reach will adjust (Leopold and Bull, 1979). 
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Colorado River
Original Reach Length 35.1 miles Original Reach Length 35.1 miles
2004 Reach Length 35.9 miles 2006 Reach Length 35.7 miles
Change 0.8 mile Change 0.6 mile
Dirty Devil River
Original Reach Length 20.5 miles Original Reach Length 20.5 miles
2004 Reach Length 20.4 miles 2006 Reach Length 20.9 miles
Change -0.1 mile Change 0.4 mile
North Wash Creek
Original Reach Length 3.8 miles Original Reach Length 3.6 miles
2004 Reach Length 3.7 miles 2006 Reach Length 3.6 miles
Change -0.1 mile Change -0.1 mile
Table 18.  Change in active channel length of each stream for 2004 and 2006.
 
 
 Average active channel width in 2004 was 72 ft and in 2006 it was 78 ft (Table 
19).  The changes are within the range of error from measuring from the aerial 
photography at a scale of 1:4,800, making the results indeterminate. 
 Dirty Devil River.  In the 2006 ortho-photo, the confluence of the Dirty Devil 
River and the Colorado River has moved approximately 0.15 mi upstream from its pre-
dam location.   
 In 2004, the centerline distance of the active channel from river mile 0.1 to 20.6 
was 20.4 mi, a decrease in channel length of 0.07 mi (Table 18).  By 2006, the centerline 
distance of this same reach was 20.94 mi, a 0.44 mi increase in channel length from its 
pre-dam condition and a 0.51 mi increase over 2004. 
 Width changes on the Dirty Devil River from 2004 to 2006 were concentrated in 
the upstream and downstream ends of the reach (Table 19 and Figure 49).  From river 
mile 21 to 17 the average active channel width increased by 10 to 30 ft, from river mile 
16 to river mile 3 it remained fairly constant, except one reach that showed almost 30 ft 
of narrowing, and from river mile 3 to 0 it showed substantial widening by 110 to 230 ft. 
 117 
 
 
 
 
 118 
C
o
lo
ra
d
o
 R
iv
e
r
 2
0
0
4
 W
id
th
s 
fr
o
m
 R
iv
e
r 
M
il
e
 1
8
7
 t
o
 1
5
1
C
o
lo
ra
d
o
 R
iv
e
r
 2
0
0
6
 W
id
th
s 
fr
o
m
 R
iv
e
r
 M
il
e
 1
8
7
 t
o
 1
5
1
R
iv
e
r 
M
il
e
R
iv
er
 M
il
e
N
u
m
b
er
 o
f 
M
e
a
su
r
m
e
n
ts
A
v
e
r
a
g
e
 W
id
th
 
(f
t)
N
u
m
b
e
r
 o
f 
M
e
a
su
rm
en
ts
A
v
e
ra
g
e 
W
id
th
 
(f
t)
C
h
a
n
g
e
 F
r
o
m
 2
0
0
4
 t
o
 
2
0
0
6
 (
ft
)
1
8
6
to
1
8
7
1
2
3
3
3
8
3
9
3
6
0
1
8
5
to
1
8
6
7
1
8
2
7
2
1
1
2
8
1
8
4
to
1
8
5
9
2
4
8
9
2
4
3
-5
1
8
3
to
1
8
4
9
2
9
2
9
3
1
7
2
4
1
8
2
to
1
8
3
6
4
2
4
6
3
9
4
-3
0
1
8
1
to
1
8
2
8
4
5
4
8
4
6
8
1
4
1
8
0
to
1
8
1
7
3
6
4
8
3
1
7
-4
7
1
7
9
to
1
8
0
1
3
6
7
9
2
9
1
-7
6
1
7
8
to
1
7
9
3
3
2
4
6
2
7
7
-4
7
1
7
7
to
1
7
8
7
3
3
4
7
3
4
5
1
1
1
7
6
to
1
7
7
4
3
8
7
8
3
2
9
-5
7
1
7
5
to
1
7
6
7
3
1
8
7
2
9
2
-2
6
1
7
4
to
1
7
5
3
3
2
4
5
2
5
9
-6
4
1
7
3
to
1
7
4
6
3
1
3
6
2
5
4
-5
9
1
7
2
to
1
7
3
7
3
2
9
4
2
6
4
-6
5
1
7
1
to
1
7
2
5
3
1
8
1
3
2
0
2
1
7
0
to
1
7
1
8
3
4
7
5
2
7
8
-6
9
1
6
9
to
1
7
0
7
3
1
0
4
2
6
8
-4
2
1
6
8
to
1
6
9
8
3
2
3
8
3
3
2
9
1
6
7
to
1
6
8
5
2
9
2
8
3
0
4
1
3
1
6
6
to
1
6
7
5
2
8
0
6
2
6
7
-1
3
1
6
5
to
1
6
6
6
2
6
7
9
2
3
9
-2
8
1
6
4
to
1
6
5
1
1
2
1
4
9
2
0
3
-1
0
1
6
3
to
1
6
4
6
2
6
1
6
2
6
6
5
1
6
2
to
1
6
3
9
2
3
1
9
3
1
1
7
9
1
6
1
to
1
6
2
1
0
2
2
0
9
2
9
1
7
1
1
6
0
to
1
6
1
7
2
6
6
7
3
0
9
4
3
1
5
9
to
1
6
0
6
3
0
3
7
3
4
9
4
6
T
a
b
le
 1
9
. 
 W
id
th
 m
ea
su
rm
en
t 
co
m
p
ar
is
o
n
 f
o
r 
ea
ch
 s
tr
ea
m
 b
et
w
ee
n
 a
er
ia
l 
p
h
o
to
g
ra
p
h
s 
fr
o
m
 2
0
0
4
 a
n
d
 2
0
0
6
.
 
 119 
T
a
b
le
 1
9
. 
 C
o
n
ti
n
u
ed
R
iv
er
 M
il
e
R
iv
er
 M
il
e
N
u
m
b
er
 o
f 
M
e
a
su
rm
e
n
ts
A
v
e
ra
g
e 
W
id
th
 
(f
t)
N
u
m
b
e
r 
o
f 
M
e
a
su
r
m
e
n
ts
A
v
e
r
a
g
e
 W
id
th
 
(f
t)
C
h
a
n
g
e
 F
r
o
m
 2
0
0
4
 t
o
 
2
0
0
6
 (
ft
)
1
5
8
to
1
5
9
5
3
5
7
8
4
3
3
7
5
1
5
7
to
1
5
8
3
3
0
7
7
3
7
6
6
9
1
5
6
to
1
5
7
8
3
1
4
8
4
1
3
9
9
1
5
5
to
1
5
6
1
0
3
4
4
1
0
5
6
2
2
1
7
1
5
4
to
1
5
5
4
2
9
2
8
7
6
9
4
7
7
1
5
3
to
1
5
4
5
9
4
3
5
1
8
7
9
9
3
7
1
5
2
to
1
5
3
4
6
1
7
3
3
4
7
6
2
8
5
9
1
5
1
to
1
5
2
6
7
2
8
3
2
2
8
3
1
5
5
5
3
0
9
3
1
7
8
D
ir
ty
 D
ev
il
 R
iv
e
r
 2
0
0
4
 W
id
th
s 
fr
o
m
 C
o
lo
r
a
d
o
 C
o
n
fl
u
e
n
ce
D
ir
ty
 D
e
v
il
 R
iv
e
r
 2
0
0
6
 W
id
th
s 
fr
o
m
 C
o
lo
ra
d
o
 C
o
n
fl
u
e
n
c
e
 t
o
 2
1
 R
iv
e
r
 M
il
e
s 
U
p
st
r
e
a
m
 t
o
 2
1
 R
iv
er
 M
il
e
s 
U
p
st
re
a
m
R
iv
er
 M
il
e
R
iv
er
 M
il
e
N
u
m
b
er
 o
f 
M
e
a
su
rm
e
n
ts
A
v
e
ra
g
e 
W
id
th
 
(f
t)
N
u
m
b
e
r 
o
f 
M
e
a
su
r
m
e
n
ts
A
v
e
r
a
g
e
 W
id
th
 
(f
t)
C
h
a
n
g
e
 F
r
o
m
 2
0
0
4
 t
o
 
2
0
0
6
 (
ft
)
2
0
to
2
1
4
7
9
6
1
0
2
2
2
1
9
to
2
0
5
1
2
3
5
1
4
7
2
4
1
8
to
1
9
5
1
1
1
6
1
3
7
2
6
1
7
to
1
8
5
8
9
5
1
0
4
1
5
1
6
to
1
7
5
8
8
5
9
7
9
1
5
to
1
6
6
6
2
6
6
6
4
1
4
to
1
5
5
6
2
6
5
4
-8
1
3
to
1
4
6
4
8
6
5
2
4
1
2
to
1
3
7
4
6
5
4
7
1
1
1
to
1
2
6
4
4
6
4
4
-1
1
0
to
1
1
5
3
9
6
4
0
1
9
to
1
0
5
4
1
5
4
5
4
8
to
9
5
3
9
6
4
9
1
0
7
to
8
2
5
0
6
5
4
3
6
to
7
0
0
4
5
2
5
2
5
to
6
4
6
9
5
4
1
-2
9
4
to
5
5
5
5
6
5
2
-3
*
A
v
er
a
g
e
 o
f 
A
ll
 S
eg
m
en
ts
C
h
an
g
es
 i
n
 
w
id
th
 d
u
e 
to
 
in
cr
ea
se
d
 l
ak
e 
le
v
el
.
 
 
 120 
R
iv
er
 M
il
e
R
iv
e
r
 M
il
e
N
u
m
b
e
r 
o
f 
M
ea
su
r
m
e
n
ts
A
v
e
r
a
g
e
 W
id
th
 
(f
t)
N
u
m
b
er
 o
f 
M
e
a
su
r
m
e
n
ts
A
v
e
r
a
g
e 
W
id
th
 
(f
t)
C
h
a
n
g
e
 F
r
o
m
 2
0
0
4
 t
o
 
2
0
0
6
 (
ft
)
3
to
4
6
4
2
5
4
6
4
2
to
3
6
9
6
6
9
9
3
1
to
2
5
6
0
5
1
7
4
1
1
4
0
to
1
4
1
5
5
2
4
3
2
2
8
6
4
7
2
5
N
o
r
th
 W
a
sh
 C
r
e
ek
 2
0
0
4
 W
id
th
s 
fr
o
m
 C
o
lo
ra
d
o
 C
o
n
fl
u
e
n
c
e
N
o
rt
h
 W
a
sh
 C
r
e
ek
 2
0
0
6
 W
id
th
s 
fr
o
m
 C
o
lo
ra
d
o
 C
o
n
fl
u
e
n
c
e
 t
o
 5
 R
iv
e
r
 M
il
e
s 
U
p
st
r
e
a
m
 t
o
 5
 R
iv
e
r 
M
il
e
s 
U
p
st
r
ea
m
R
iv
er
 M
il
e
R
iv
e
r
 M
il
e
N
u
m
b
e
r 
o
f 
M
ea
su
r
m
e
n
ts
A
v
e
r
a
g
e
 W
id
th
 
(f
t)
N
u
m
b
er
 o
f 
M
e
a
su
r
m
e
n
ts
A
v
e
r
a
g
e 
W
id
th
 
(f
t)
C
h
a
n
g
e
 F
r
o
m
 2
0
0
4
 t
o
 
2
0
0
6
 (
ft
)
4
to
5
9
6
6
1
0
7
8
1
2
3
to
4
1
0
6
6
1
0
7
7
1
1
2
to
3
1
0
8
3
7
8
0
-2
7
2
7
8
7
*
B
o
ld
 a
v
e
r
a
g
e 
w
id
th
 m
e
a
su
r
m
en
ts
 e
x
cl
u
d
e
d
 f
o
r 
th
e 
r
ea
c
h
 d
u
e
 t
o
 t
o
o
 f
ew
 m
e
a
su
r
m
e
n
ts
 o
r
 d
u
e
 t
o
 s
ta
te
d
 f
a
c
to
r
s.
T
a
b
le
 1
9
. 
 C
o
n
ti
n
u
ed
*
A
v
e
r
a
g
e
 o
f 
A
ll
 S
e
g
m
e
n
ts
*
A
v
e
r
a
g
e
 o
f 
A
ll
 S
e
g
m
e
n
ts
 
 121 
 
 
 Colorado River.  In 2004 the center-line distance of the active channel from river 
mile 153.98 to 189.09 was 35.92 mi, an increase in channel length of 0.81 mi (Table 18).  
By 2006, the centerline of this same reach measured 35.71, a 0.60 mi increase in channel 
length from its pre-dam condition.  However, this is a 0.19 mi reduction in channel length 
from its 2004 condition.  These changes in channel course have created a rerouting of the 
channel just downstream of the Dirty Devil River.  Here, the river has swung right of its 
old course and is currently incising sediment deposited over a bedrock outcrop (Figure 
50).  Given time, at a lake elevation at or below the outcrop, this could form a temporary 
base level in the form of a water fall on the Colorado River. 
 Width changes on the Colorado River from 2004 to 2006 show a general trend of 
upstream narrowing from river mile 188 to 165 of up to 50 ft.  Downstream of this point 
a widening trend takes over of 50 to 210 ft (Table 19 and Figure 51). 
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Volumetric Sedimentation Changes 
North Wash Creek   
 At full pool elevation of 3700 ft, Lake Powell reaches 4.7 river miles up North 
Wash Creek.  The storage volume available under this contour interval is 43,559 acre-feet 
(Figure 52A).  From dam closure in 1963 to 1986, 1,585 acre-feet of sediment collected 
on North Wash at an average rate of 69 acre-feet/y (Table 20, Figure 52B).  When the 
2006 resurvey was done, the lowest accessible portion of exposed sediments was at river 
mile 2.3, so accumulation could only be calculated to this point.   
 To compare, the 1986 data were re-calculated over this reach.  From river mile 
2.3 to 4.7, the available storage space on North Wash Creek was 9,502 acre-feet.  From 
1963 to 1986 this reach accumulated 246 acre-feet of sediment at a rate of 11 acre-feet/y.   
 123 
   
Between 1963 and the onset of base level drop in 1999, the upstream reach of North 
Wash Creek accumulated 1,425 acre-feet of sediment at a rate of 50 acre-feet/y (Figure 
53, Table 21).  This suggests the long-term accumulation rate increased 364%.  However, 
the 1986 long profile for North Wash Creek was constructed with minimal data and is a 
poor representation of the true accumulation to that point (Figure 29C).  This was 
witnessed above in the large variation in cross section accumulation rates from 1963 to 
1986 and 1963 to 1999 (with the exception of cross section 293A).  Therefore, the 1986 
volume calculations stemming from the long profile are a poor representation as well.  
The 2007 survey data is of higher resolution over study reach, which better captures the 
current state of sediment distribution.  Therefore, sedimentation rates over the 36 year 
period from 1963 to 1999 are a more accurate depiction of the sediment input into Lake 
Powell by North Wash Creek.  Because of the difference in accuracy between the 
datasets, it would be irresponsible to claim an increase in sedimentation rate based solely 
from their comparison. 
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 From the 2005 LIDAR DEM it was also possible to calculate the volume of 
sediment in the blockage accumulated at the confluence of North Wash Creek and the 
Colorado River.  The sediment volume between the upstream end of the hump at river 
mile 0.43 and river mile 2.27 is unknown.  From 1963 to 1999, the blockage at the end of 
the reach had accumulated 3,731 acre-feet of sediment at a rate of 104 acre-ft/y.   
 The elevated sedimentation rate, in relation to the upstream reach, is due in large 
part to the hump area being supplied by the Colorado instead of by North Wash.    
 Once base level drop and incision began in 1999, North Wash Creek eroded 
approximately 706 acre-feet of sediment from its upstream reach (49.5% of the total 
volume accumulated) (Table 22).  This sediment was deposited between the downstream 
end of the subaerially exposed delta and the North Wash/Colorado confluence.   
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 Stream sediment load is measured in units of mass, so the hybrid procedure of 
Lara and Pemberton’s (1963) equation and Geiger’s (1963) estimated unit weights is used 
to convert the mobilized sediment volume to a mass.  The sediments on North Wash 
Creek had a unit weight ranging between 77 and 97 lb/ft
3
 (Table 23).  This equated to 
eroded sediment weights between 1.18 x 10
6
 and 1.49 x 10
6
 tons, at an average rate of 
between 1.48 x 10
5
 and 1.86 x 10
5
 tons/y (Table 24). 
 
Dirty Devil River 
 At a full pool elevation of 3700 ft, Lake Powell reaches 18.65 river miles up the 
Dirty Devil River.  The storage volume under this contour is 73,092 acre-feet (Figure 54).  
From 1963 to the BOR survey in 1986, the Dirty Devil River accumulated 25,689 acre-
feet of sediment at a rate of 1,117 acre-feet/y (Table 25).   
 From 1963 to 1999 the same reach of the Dirty Devil had accumulated 52,677 
acre-feet of sediment at a rate of 1,463 acre-feet/y (Table 26, Figure 55).  This suggests 
the long-term accumulation rate increased 31% but, like North Wash Creek, it is most 
likely an artifact of the data.  In 1986, sediment accumulation in the Dirty Devil delta had 
caused the river channel to be un-navigable by boat above mile 8.9, so this was the last 
range line on the stream (Figure 24B).  The long profile of the delta surface for the 9.8 mi 
reach beyond this point was estimated by connecting a line from this last cross section to 
3700 ft elevation.  When the resurveys for this study were completed in 2007, range line 
820 (Dirty Devil river mile 8.9) was again the most upstream cross section surveyed.  As 
in 1986, a line was connected from this cross section to 3700 ft elevation to estimate the 
long profile of the delta surface above this point.   
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Grain Size North Wash Dirty Devil Colorado Rvier
Coarse Sand 0.6 0.0 0.0
Medium Sand 4.3 0.5 0.3
Fine Sand 35.6 11.0 7.2
Very Fine Sand 41.7 32.6 25.7
Silt/Clay 17.8 55.9 66.8
Total %: 100.0 100.0 100.0
Percent Sand = 82.2 44.1 33.2
Unit Weight (lb/ft
3
) 85 85 85
Contribution to 
Sample Unit Weight 
(lb/ft
3
)
69.9 37.5 28.2
Unit Weight (lb/ft
3
) 100 100 100
Contribution to 
Sample Unit Weight 
(lb/ft
3
)
82.2 44.1 33.2
 
Percent Silt/Clay = 17.8 55.9 66.8
Unit Weight (lb/ft
3
) 40 40 40
Contribution to 
Sample Unit Weight 
(lb/ft
3
)
7.1 22.4 26.7
Unit Weight (lb/ft
3
) 85 85 85
Contribution to 
Sample Unit Weight 
(lb/ft
3
)
15.1 47.5 56.8
North Wash Dirty Devil Colorado Rvier
Low Total Sample 
Unit Weight (lb/ft
3
)
77 60 55
High Total Sample 
Unit Weight (lb/ft
3
)
97 92 90
L
o
w
 U
n
it
 
W
ei
g
h
t 
E
st
im
a
te
H
ig
h
 U
n
it
 
W
ei
g
h
t 
E
st
im
a
te
*Unit weight values based on Geiger, 1963
*Rounded to nearest whole unit weight
Table 23.  The calculation of the range of estimated unit weights for the 
sediments on each of the three streams in this study.
Average grain size by percent composition of all bulk samples for each 
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North Wash Dirty Devil Colorado River
Total Estimated Volume 
Eroded From 1999 to 2005 
(acre-ft):
706 8,014 84,058
Low Total Sample Unit 
Weight Estimate (lb/ft
3
)
77 60 55
High Total Sample Unit 
Weight Estimate (lb/ft
3
)
97 92 90
Low Weight of Sediment 
Eroded (Tons) 1,183,317 10,473,169 100,693,549
Low Rate of Sediment 
Eroded (Tons/y) 147,915 1,309,146 16,782,258
High Weight of Sediment 
Eroded (Tons) 1,490,673 16,058,860 164,771,262
High Rate of Sediment 
Eroded (Tons/y) 186,334 2,007,357 27,461,877
Table 24.  The weights of sediment eroded on each stream and the 
average value eroded in tons/y.
 
 
Estimating the maximum delta surface elevation from river mile 8.9 to 18.7 for the two 
surveys in this manner is consistent with idealized delta deposition, but it is a potential 
simplification of the actual physical state.  Therefore, the 31% difference in observed 
volume accumulation rates between 1963 to 1986 and 1963 to 1999 could easily be a 
result of the simplification of this 9.8 mile reach.  
 After the onset of incision in 1999 until the reach was resurveyed in 2007, 8,014 
acre-feet of sediment was eroded (Table 27).  This equates to a removal of 15% of the 
total sediment accumulated.  It is interesting to note that because the Dirty Devil delta 
connects to the Colorado River delta, this sediment is removed from the Dirty Devil 
system and is passed to the Colorado. 
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 Using the same procedure as North Wash Creek to calculate a unit weight value 
for sediment on the Dirty Devil River, a range of values between 60 and 92 lb/ft
3
 was 
arrived at (Table 23).  This yielded a weight of sediment eroded ranging between 10.5 x 
10
6
 and 16.1 x 10
6
 tons at an average rate between 1.31 x 10
6
 and 2.0 x 10
6
 tons/y (Table 
24). 
 
Colorado River 
 At full pool elevation of 3700 ft, Lake Powell stretches up the Colorado River 188 
miles above Glen Canyon Dam.  This study is only concerned with a portion of that reach 
from river mile 150 to 184, and the initial storage volume in this area is 645,332 acre-feet 
(Figure 56).  From dam closure to 1986, 265,495 acre-feet of sediment accumulated in 
 136 
this area at a rate of 11,543 acre-feet/y (Table 28).  The plausibility of this number 
can be checked by using the sediment-discharge relationship calculated by Thompson 
(1984 a, 1984 b) for the Colorado River gage near Cisco, UT and the Green River gage at 
Green River, UT.  The mean annual flow for each year from 1963 to 1986 was converted 
to a volume in acre-ft/y and then the suspended sediment discharge was calculated for 
that year.  The sum of all years for both gages was assumed to approximate the sediment 
inflow into Lake Powell in tons.  Then, the high and low estimates of sediment unit 
weight, calculated in Table 23 were used to convert this value into a volume in acre-ft.  
The high value is 381,493 acre-ft and the low value is 233,135 acre-ft, with the value 
estimated from pre-dam topography and surveys at 30% less than the high value and 12% 
more than the low value (Table 29).   
 From dam closure to the beginning of lake level decline in 1999, 414,256 acre-
feet of sediment had accumulated between river mile 150 and 184 at a rate of 11,507.1 
acre-feet/y (Table 30, Figure 57).  This suggests a 0.87% decrease in the long-term 
sediment accumulation rate which, considering the approximations made to calculate 
both values, is near perfect agreement.  In 1986 the BOR surveyed 38 range lines 
between river mile 150 and the top of the reservoir at river mile 188.  Because of this, the 
delta profile ultimately used to calculate volumes better captured the 1986 conditions and 
the resolution allowed local deviations from idealized delta deposition to be captured 
(Figure 29A).  This study used a 1-m LIDAR DEM to extract data for 18 cross sections, 
from river mile 150 to 165.  From river mile 150 to 184, maximum terrace elevations 
were recorded by Reichert in his 2004/2005 survey work.  Because of this, the recent data 
matched the resolution of the 1986 data in capturing the actual physical conditions and  
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localized deviations from idealized delta deposition, as reflected in the near perfect 
agreement in volume accumulation rates.      
 Again using Thompson’s sediment-discharge relationship and the estimated 
sediment unit weight values as outlined above, the high value of suspended sediment 
delivered to the lake from 1963 to 1999 was 559,606 acre-ft.  The low value was 341,981 
acre-ft.  The value estimated from topography and survey work (414,256 acre-feet) was 
26% less than the high value and 17% more than the low value.  It is important to note 
that the topography and survey estimated volume is only for river mile 150 to 184 and 
that additional accumulation has occurred downstream of this reach (Figure 58).  
However, this reach captures the bulk of delta deposition on the Colorado River. 
The estimated volume of sediment from Thompson’s relationships is the total load 
passing the stream gages he examined, but does not account for sediment input below the 
gages or from other tributaries (the Dirty Devil River).  However, it captures the majority 
of the Colorado’s sediment load into Lake Powell.  Therefore, these two numbers should 
be in close agreement since they measure the bulk of sediment input and sediment 
captured, but they should not be in perfect agreement. 
 From 1999 to the resurvey in 2005, 84,058 acre-feet of sediment had been eroded, 
which is 20.3% of the accumulated volume (Table 31).  Of this sediment, 28,864 acre-
feet of it was re-deposited on the delta front upstream of river mile 150 (Table 32).  The 
rest was deposited below this point and the volume was not calculated as part of this 
study. 
 Using the procedure outlined for calculating unit weights from above, a range of 
values for the sediment on the Colorado River was estimated to be 55 to 90 lb/ft
3 
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23).  This equates to a weight of eroded sediment ranging from 100.7 x 10
6
 to 164.8 x 10
6
 
tons, at an average rate between 16.8 x 10
6
 and 27.5 x 10
6
 tons/y.  Gaging records from 
1914 to 1984 on the Colorado River at Cisco, UT and on the Green River at Green River, 
UT show that each stream transported an average of 9.18 x 10
6
 and 9.47 x 10
6
 tons/y of 
sediment respectively (Table 1).  If the sum of these values is used for the Colorado 
River’s annual sediment input into Lake Powell, that value is 18.65 x 10
6
 tons/y.  This 
means that the Colorado River is providing an additional 90% to 147% of its sediment 
load into Lake Powell through incision and remobilization of delta sediments.  These 
values do not include the additional input provided by the Dirty Devil River of 1.31 x 10
6
 
to 2.0 x 10
6
 tons/y. 
 
 145 
 
 146 
 T
a
b
le
 3
1
. 
 V
o
lu
m
e 
o
f 
se
d
im
en
t 
er
o
d
ed
 o
n
 t
h
e 
C
o
lo
ra
d
o
 R
iv
er
 f
ro
m
 1
9
9
9
 t
o
 2
0
0
5
.
U
S
B
R
 
R
a
n
g
e
 L
in
e
L
o
c
a
ti
o
n
 (
R
iv
e
r
 M
il
e
 
a
b
o
v
e
 G
C
D
)
A
r
e
a
 E
r
o
d
e
d
 (
ft
^
2
)
U
p
st
r
e
a
m
 R
e
a
ch
 
L
e
n
g
th
 (
m
i)
D
o
w
n
st
r
e
a
m
 R
e
a
c
h
 
L
en
g
th
 (
m
i)
V
o
lu
m
e
 E
r
o
d
e
d
 (
a
c
re
-
ft
)
2
9
6
1
5
4
.7
2
5
,2
0
7
0
.2
0
.8
3
,0
5
5
2
9
8
1
5
5
.2
3
0
,9
2
9
0
.3
0
.2
2
,0
0
6
3
0
0
1
5
5
.8
3
2
,7
4
0
0
.4
0
.3
2
,8
9
7
3
0
2
1
5
6
.6
1
9
,7
8
2
0
.5
0
.4
2
,2
4
2
3
0
4
1
5
7
.6
2
5
,0
7
2
0
.6
0
.5
3
,2
8
2
3
0
6
1
5
8
.8
1
8
,7
7
7
0
.5
0
.6
2
,5
2
6
3
0
8
1
5
9
.8
2
4
,3
8
8
0
.5
0
.5
2
,9
8
6
3
1
0
1
6
0
.8
2
5
,3
4
5
1
.3
0
.5
5
,4
2
2
3
1
6
1
6
3
.4
3
4
,0
3
8
0
.5
1
.3
7
,2
6
2
3
1
8
1
6
4
.3
2
1
,1
7
8
0
.0
0
.5
1
,2
1
9
T
o
ta
l:
3
2
,8
9
8
E
r
o
d
e
d
 A
r
ea
 o
f 
R
a
n
g
e
 L
in
e
 3
1
8
 E
x
tr
a
p
o
la
te
d
 F
r
o
m
 R
M
 1
6
4
.3
2
 t
o
 R
M
 1
8
4
.2
5
3
1
8
1
6
4
.3
2
1
,1
7
8
1
9
.9
0
.0
0
5
1
,1
6
1
T
o
ta
l:
8
4
,0
5
8
C
o
lo
r
a
d
o
 R
iv
e
r
 f
r
o
m
 r
iv
e
r
 m
il
e 
(A
b
o
v
e 
G
le
n
 C
a
n
y
o
n
 D
a
m
) 
1
5
0
 t
o
 1
6
4
C
ro
ss
 S
ec
ti
o
n
 E
ro
d
ed
 A
re
a
 E
xt
ra
p
o
la
te
d
 t
o
 V
o
lu
m
e
 
 
 
 147 
2
0
0
5
 A
g
g
r
a
d
ed
 W
ed
g
e
 A
h
e
a
d
 o
f 
D
e
lt
a
 F
r
o
n
t 
- 
1
9
9
9
 t
o
 2
0
0
5
Id
A
r
e
a
 (
a
c
r
es
)
2
0
0
5
 2
0
 f
t 
In
te
r
v
a
l 
A
cc
u
m
u
la
ti
o
n
 (
a
c
re
-f
t)
3
6
2
0
1
3
4
3
6
0
0
5
2
5
6
,1
5
9
 
3
5
8
0
6
9
8
1
2
,1
8
7
3
5
6
0
6
3
7
1
3
,3
4
5
3
5
4
0
3
5
2
9
,7
4
7
3
5
2
0
0
2
,3
4
5
T
o
ta
l 
A
c
cu
m
u
la
ti
o
n
:
4
3
,7
8
2
.9
1
 A
c
r
e
-f
ee
t
U
S
B
R
 
R
a
n
g
e
 L
in
e
L
o
c
a
ti
o
n
 (
R
iv
e
r 
M
il
e 
a
b
o
v
e 
G
C
D
)
A
r
e
a
 E
r
o
d
ed
 (
ft
^
2
)
U
p
st
r
e
a
m
 R
ea
c
h
 
L
e
n
g
th
 (
m
i)
D
o
w
n
st
r
e
a
m
 R
e
a
c
h
 
L
e
n
g
th
 (
m
i)
V
o
lu
m
e
 E
r
o
d
ed
 (
a
cr
e
-
ft
)
2
8
1
1
5
0
.7
4
,6
8
2
0
.4
0
.0
2
1
0
2
8
4
1
5
1
.4
2
3
,1
4
1
0
.2
0
.4
1
,5
1
5
2
8
6
1
5
1
.8
2
7
,5
7
0
0
.5
0
.2
2
,1
8
9
2
8
8
1
5
2
.7
6
2
,0
3
6
0
.2
0
.5
5
,2
6
4
2
9
1
1
5
3
.2
4
8
,5
8
2
0
.8
0
.2
5
,7
4
2
T
o
ta
l 
E
ro
d
e
d
 B
e
lo
w
 
H
o
r
iz
o
n
ta
l 
M
a
x
im
u
m
 
T
er
r
a
c
e 
A
p
p
ro
x
im
a
ti
o
n
:
1
4
,9
1
9
 A
c
r
e-
fe
e
t
N
et
 A
c
c
u
m
u
la
ti
o
n
 F
r
o
m
 
1
9
9
9
 -
 2
0
0
5
 O
n
 t
h
e
 D
e
lt
a
 
F
r
o
n
t
2
8
,8
6
4
 A
c
r
e-
fe
e
t
4
, 
8
1
1
 A
c
r
e
-f
e
e
t/
y
T
a
b
le
 3
2
. 
 V
o
lu
m
e 
o
f 
re
m
o
b
il
iz
ed
 s
ed
im
en
t 
d
ep
o
si
te
d
 o
n
 t
h
e 
C
o
lo
ra
d
o
 d
el
ta
 f
ro
n
t.
 
Aggraded 
Wedge 
 
CHAPTER 4 
 
DISCUSSION 
 
 
Introduction 
 
 In this chapter I present a discussion of the results of this study, where the data 
previously presented will be used to elaborate on historic sedimentation in these three 
systems and the changes these deposits have undergone during the current lake 
regression.  By using available conceptual and laboratory models, the response of each 
system is put into a framework for comparison and the applicability of these pre-existing 
concepts to these three systems is addressed.  The survey and volumetric datasets show 
the rates of change of sedimentation on each system, and the knowledge of processes of 
adjustment allow explanation of these rates and insights into why they vary between 
systems.  The survey datasets also allow the tracking of sediment movement in the 
reservoir through time.  Finally, delta grain size analysis and field observations are used 
to describe the locations and conditions necessary for mud cracks and lateral slumping to 
occur, and their impact on sediment delivery to the stream channel. 
 
Maximum Extent and Volume  
of Sediment Accumulation 
 
Maximum Extent   
 North Wash Creek.  The shape of the maximum extent of sediment accumulation 
in long profile on North Wash Creek can best be described as a uniform deposit 
according to the classification of Morris and Fan (1998) (Figure 7D).  This form is rare, 
but does occur in narrow reservoirs where water level fluctuation is common and the 
sediment load is coarse (Morris and Fan, 1998).  Like many canyons of the region, North 
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Wash is narrow in shape and fine sediments (<0.063 mm) comprise 9 to 33% of the 
deposits (Table 16).  Due to yearly mandated releases of 8.23 maf from Glen Canyon 
Dam, the elevation of Lake Powell does fluctuate seasonally.  It may change as much as 
20 to 30 ft, reaching its maximum pool elevation after spring runoff and steadily 
decreasing until the late summer to fall monsoon season begins.  From 1963 to 1986, 
North Wash Creek aggraded 10 to 20 ft of sediment from river mile 2.2 to 4.7 (above its 
confluence with the Colorado River).  By 1999, prior to the onset of base level drop, this 
thickness of accumulation had increased to 20 to 40 ft. 
 Dirty Devil River.  The shape of the long profile of the maximum extent of 
sediment accumulation on the Dirty Devil River can best be described as a delta deposit 
of the classification of Morris and Fan (1998) (Figure 7A).  The downstream fining 
deposit has distinct low-slope topset beds, followed by a steepening of slope at the 
transition into the foreset beds.  Farther downstream near the confluence with the 
Colorado River, the slope lessens again where the bottomset beds have formed.  This 
bottomset area shape is similar to a wedge deposit (Figure 7C) and this is due to the 
Colorado delta acting as a dam, causing the sediment reaching this point to fill the 
accommodation space that otherwise would have allowed the classic delta shape.  From 
1963 to 1986, the Dirty Devil River aggraded a thickness of sediment 10 to 90 ft thick 
between its confluence with the Colorado River and 18.7 miles upstream.  By 1999 the 
thickest portion of the deposit, near the confluence with the Colorado River, had 
increased to nearly 170 ft. 
 Colorado River.   The shape of the long profile of the maximum extent of 
sediment accumulation can, like the Dirty Devil, best be described as a delta deposit of 
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the classification of Morris and Fan (1998) (Figure 7A).  Even though the sites for 
grain size analysis are in close proximity, a strong downstream fining is still seen due to 
coarser sediments being deposited upstream while finer sediments are deposited 
downstream (Table 17).  From 1963 to 1986, the Colorado River between river mile 151 
and 184 aggraded a thickness of sediment ranging from approximately 40 to 180 ft.  By 
1999, this thickness had increased and ranged from approximately 50 to 200 ft. 
 Comparison Between Systems.  The wide range of deposit thicknesses within a 
given system indicates that it is variable and dependent on the location along the stream 
and the elevation of the underlying pre-dam channel.  The magnitudes of the maximum 
thickness values are proportional to drainage basin size, and this is not surprising in 
transport-limited systems.  As basin size increases so does discharge, generally increasing 
suspended sediment concentrations and increasing the shear forces responsible for bed 
load transport, making more sediment available for deposition by lake impoundment 
(Knighton, 1998).   
 
Cross Section Accumulated Area and Reach 
Accumulated Volume 
 
 Comparison Between Systems, Cross Section Accumulated Areas.  Areas of 
accumulated sediment on the measured cross sections and volumes accumulated in the 
entire study reaches are proportional to basin size (Table 33), as are the corresponding 
rates of change.  This is to be expected because when water is available, these streams 
carry sediment near their capacity.  This causes total sediment deposition to track 
proportionally with total water discharge (Brierley and Fryirs, 2005). 
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   When comparing average cross section accumulation rates from 1963 to 1986 
versus 1963 to 1999, all three systems show an increase in rate; 234% for North Wash 
Creek, 44% for the Dirty Devil River, and 124% for the Colorado River.  Initial 
observation suggests an increasing rate of sediment input into the lake from these systems 
over the time period from 1986 to 1999.  However, for the Dirty Devil and Colorado 
Rivers, the location of the analyzed cross sections must be taken into account (Figure 
29A and B).  For these two systems, all of the range lines are located at or downstream of 
the 1986 delta pivot point, which places them in the area of active sedimentation in the 
time period 1986 to 1999 (Morris and Fan, 1998).  For both of these systems, cross 
sections closest to the pivot point (most upstream) show a decrease or the smallest 
increase in 2-D sediment accumulation rate (Table 12 A and B; Figure 34; Figure 37).  
This is because they have the least accommodation space to fill and transport capacity of 
the channel is maintained by sediment accumulation limiting the increase in channel 
depth.  Progressing farther downstream, the 2-D sediment accumulation rate increases at 
each cross section as more space is available and as energy conditions dictate sediment 
deposition.  Hence, in this case, increased cross section deposition rates do not imply an 
increase in basin sediment yield.    
 Lake regression from 1988 to 1993 also helped to increase sedimentation in the 
delta foreset areas of each system through cannibalization and re-deposition, much like 
the larger base level drop from 1999 to present has done.  From July of 1988 to March of 
1993, the lake fell at an average rate of 17.23 ft/y.  The sediment mobilized between 1988 
and 1993 would have been moved into the areas where the cross sections showing an 
increasing rate of sediment accumulation between 1999 and present are.  From March of 
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1993 to August of 1995 the lake recovered at an average rate of 33.46 ft/y, reaching a 
near full pool elevation of 3693 ft. 
 The increased cross section sedimentation rate on North Wash Creek is likely due 
to a faulty comparison between the oversimplified 1986 data and the higher-resolution 
2007 data (Figure 29C).  Further supporting this conclusion is a comparison of deposition 
rates on BOR range line 293A (Table 12C).  It shows a 35% increase while the remaining 
5 range lines show an increase between 155% and 460%.  In this context the 35% 
increase is minor and alone, is not enough evidence to conclude a true increase in 
sediment delivery to the reach.    
 Comparisons Between Systems: Reach Accumulated Volumes.  The total volume 
of sediment accumulated within each study reach is proportional to basin size (Table 33).  
Rates of deposition from 1963 to 1986 and 1963 to 1999 increase and show an apparent 
inverse relationship to basin size; North Wash Creek with the greatest apparent increase 
at 264%, the Dirty Devil River with a small increase of 31%, and the Colorado River 
with an apparent small decrease of 0.87%.  However, much like the rates of accumulation 
on the cross sections, there are several alternate hypotheses to consider before a change in 
basin sediment yield.   
 The 1986 long profile for North Wash Creek was constructed with minimal data 
and is a poor representation of the true accumulation to that point.  Therefore, the 1986 
volume calculations stemming from the long profile are a poor representation as well.  
The 2007 survey data is of higher-resolution over the study reach and the sedimentation 
rates based from these data over the 36 year period from 1963 to 1999 are a more 
accurate depiction of the sediment input into Lake Powell by North Wash Creek.   
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 The volume accumulation rate on the Dirty Devil River showed an apparent 
increase of 31% and, like North Wash Creek, it is most likely an artifact of the data.  In 
1986, sediment accumulation in the Dirty Devil delta meant the 9.8 mi reach above range 
line 820 had to be estimated as an idealized delta.  When the resurveys for this study were 
completed in 2007 the same thing was done, and the 31% difference long-term 
accumulation rates could easily be a result of this simplification.  Comparison of data 
collection methods and estimations is effective in decreasing the plausibility of a true 
increase in the sediment delivery rate for North Wash Creek and the Dirty Devil River.  
 The final factor to consider in ruling out an increase in sediment delivery is 
hydrology through time.  In a transport limited system, a hydrologic increase (increasing 
precipitation, change in timing of precipitation, increased flood magnitude and/or 
frequency) over the time period would correlate directly with an increase in sediment 
transport and sediment delivery to Lake Powell.   
 Gaging records exist on North Wash Creek for 1950 to 1970 and are therefore of 
no use in looking for hydrologic changes between 1986 and 1999.  Gaging records for the 
Dirty Devil River at Poison Spring Wash (USGS Gage 9333500) extend from 1948 to 
2008, but are missing records for 1994 to 2001.  Monthly precipitation records were 
retrieved for Hanksville, UT from the Western Regional Climate Center to supplement 
the gage data, and these records span from 1948 to 2007 without interruption. 
 The mean annual flow from the Poison Spring Wash gage on the Dirty Devil 
River from 1963 to 1986 was 101 ft
3
/s + 37 ft
3
/s, while the average from 1987 to 1993 
dropped to 73 ft
3
/s + 17 ft
3
/s (Figure 59A).  Averages from the daily flow data are the 
same but the enhanced resolution shows that between 1963 and 1986 the daily average 
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flow equaled or exceeded the 2-year recurrence flood 2 days, and equaled or 
exceeded the 5-year recurrence flood 1 day.  Between 1987 and 1999, the daily average 
never met or exceeded the 2-year recurrence flood (Figure 59B and Table 34).  The 
precipitation data from Hanksville, UT shows that average annual rainfall for 1963 to 
1986 was 5.89 in 
+
 1.59 in.  From 1987 to 1999, this average dropped slightly to 5.19 in 
+
 
1.47 in (Figure 59C).  Therefore, there are no increases in the hydrologic conditions of 
the area that would, in turn, cause increased sediment delivery to Lake Powell from 1986 
to 1999. 
 The lake underwent a regression – transgression cycle during 1988 to 1993, 
meaning average hydrology in the Colorado basin was below normal for nearly half of 
the period from 1987 to 1999.  Gage records are missing from the period of time the lake 
recovered, but precipitation data from Hanksville suggests that nothing abnormal 
occurred to cause increased flows or floods that would drive increased sediment delivery 
on North Wash Creek or the Dirty Devil River. 
 Instead of recording changing rates of sediment supply to Lake Powell, the 
disagreement in accumulation rates from 1963 to 1986 versus 1963 to 1999 on each 
system are a proxy for the resolution of the survey work.  The 1986 data for North Wash 
Creek was oversimplified and the corresponding accumulation rates are in error.  The 
higher-resolution 2007 data is a more accurate depiction of sedimentation.  The 1986 and 
2007 survey data for the Dirty Devil River matched resolution below river mile 8.9, but 
estimations made in both studies between here and river mile 18.7 lead to a slight 
disagreement.  The 1986 and 2005 survey data for the Colorado River were both of  
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1948 - 1962 1963 - 1986
Daily Average Flow 107.6 Daily Average Flow 101.3
Days Flow Equaled or Exceeded 2-
year Recurrence Flood 9
Days Flow Equaled or Exceeded 2-
year Recurrence Flood 2
Days Flow Equaled or Exceeded 5-
year Recurrence Flood 1
Days Flow Equaled or Exceeded 5-
year Recurrence Flood 1
Days Flow Equaled or Exceeded 
10-year Recurrence Flood 0
Days Flow Equaled or Exceeded 
10-year Recurrence Flood 0
1987 - 1999 (1993) (Due to 
Missing Records)
1999 (2001) - 2008 (Due to 
Missing Records)
Daily Average Flow 74.2 Daily Average Flow 115.6
Days Flow Equaled or Exceeded 2-
year Recurrence Flood 0
Days Flow Equaled or Exceeded 2-
year Recurrence Flood 4
Days Flow Equaled or Exceeded 5-
year Recurrence Flood 0
Days Flow Equaled or Exceeded 5-
year Recurrence Flood 0
Days Flow Equaled or Exceeded 
10-year Recurrence Flood 0
Days Flow Equaled or Exceeded 
10-year Recurrence Flood 0
Table 34.  Number of days within each time period from the Dirty Devil River USGS 
Gage at Poison Spring Wash that have average daily flows meeting or exceeding the 2- 5- 
and 10-year flood magnitude.
 
 
 
equally high resolution and this lead to near-perfect agreement of the volume sediment 
accumulation rates calculated in each time period.  
Volumes and Rates of Sediment  
Mobilization and Incision 
 
System Comparison 
 As with volumes and rates of sediment accumulation, volumes and rates of 
sediment mobilization and incision scale directly with basin size.  However, the 
percentage of the total deposit volume eroded does not scale with basin size.  North Wash 
Creek, the smallest system, has eroded nearly 50% of the sediment deposited between 
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1963 and 1999, while the Dirty Devil and Colorado Rivers have eroded 
approximately 15% and 20%, respectively (Table 33).   
 North Wash Creek is unique among the 3 systems because its thin deposit 
thickness has allowed the underlying pre-dam topography to become a limit to incision 
for the upper-half of its long profile (Figure 27, Cross Sections 3680 through 3640).  This 
1-mile reach has incised to its pre-dam elevation (Figure 38) and a bed facies map 
(Figure 30) shows that underlying cobbles and boulders are present in the stream channel 
until approximately river mile 2.95.  The long profile suggests that these underlying bed 
elements should be buried under delta sediments by river mile 3.2, but the present 
channel has moved laterally from its pre-dam position locating it over cobbles and 
boulders deposited on the banks and flood plains at higher elevations on the old channel.  
Armor limiting incision and driving widening agrees with a modeling study done by 
Doyle and Harbor (2003) where they noted that width adjustments become more 
important as bed shear stress approaches the critical shear stress for motion.  In this case, 
the armoring represents an extreme case where bed shear stress is less than the critical 
shear stress of the new bed material.  The bank materials, in contrast, are more easily 
eroded, leading to bank instability, collapse, and widening (Simon and Rinaldi, 2006).    
 The shape of the canyon North Wash Creek flows through impacts the channel’s 
course and encourages widening also.  It focuses the stream path from a bedrock wall to 
the opposing stream bank, very similar to the way opposing point bars drive channel 
migration.  North Wash Creek encounters bedrock walls 10 times over the relatively short 
study reach and the rerouting effect can be seen on the bed facies map (Figure 30).   
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 It is the combined impact of armoring and bedrock channel routing on channel 
widening that has allowed the upper half of the reach to maximize sediment removal both 
vertically and laterally, which has pushed the ratio of sediment removed to sediment 
deposited to nearly 50%.  Cross sections 3680 to 3640 account for 72% of the 706 acre-ft 
eroded.  The high percentage of upstream sediment removal suggests a low preservation 
potential in these areas.  Lewin and Macklin (2003) note that lateral migration eliminates 
older units and decreases their preservation, which is what is happening in cross sections 
3680 to 3640 on North Wash Creek.  The remaining 28% of the 706 acre-ft was removed 
from cross sections 3620 to 3580.  Here, incision with no substantial widening preserves 
the deposits outside of the actively incising channel (Lewin and Macklin, 2003).   
 The ratio of sediment removed versus deposited for the entire reach could have 
potentially been higher, but the stream channel migrated over a bedrock outcrop at river 
mile 2.4 with an elevation of approximately 3610 ft (Figure 48).  This local base level 
likely impeded incision upstream from it (on the downstream end of the long profile) and 
is likely responsible for the changes in the form of cross sections 3620 and 3600 (Figure 
27) and the increased preservation potential of the sediments.  Cross section 3620 on 
North Wash Creek is the first in the downstream direction to not incise to its pre-dam 
elevation and marks the transition of bed material from areas of armor to a fully sand bed.  
It is also the first downstream cross section to retain a large thickness of sediment in its 
banks, suggesting that widening is not playing a dominant role in adjustment.  Cross 
section 3600 shows this same response.    
 The bedrock outcrop’s limit on incision created a lower gradient upstream reach 
that was unable to incise to the point of armoring.  This observation supports the findings 
 160 
of Leopold and Bull (1979), that a local base level only impacts the long profile a 
short distance upstream from it.  Without armor, the bed was an adequate source of 
material for transport, greatly lessening the vulnerability of bank material to undercutting 
and collapse.  This in turn made bank stability more directly dependent on the magnitude 
of incision (controlled by the bedrock outcrop), which lessened its role in adjustment and 
sediment mobilization. 
   Simon (1992), Simon and Darby (1997), and Simon and Rinaldi (2006) 
recognize that sediment derived from bank failure can account for a majority of the 
volume of sediment eroded in an incising channel, and North Wash Creek supports this 
observation.  In areas were bed-armoring was driving bank failure and widening, more 
sediment was removed than in areas where incision alone was the dominant removal 
process.  North Wash Creek also reminds us that the drivers of the progression through 
the conceptual model from one form to the next can be variable and site-specific.   
Further, if a mode of adjustment is impeded, the excess energy that would have otherwise 
been expended is redirected and dissipated elsewhere.  
 The Dirty Devil and Colorado Rivers both deposited thick packages of delta 
sediments, and because of this, the current incised channels are still tens to hundreds of 
feet above their pre-dam profiles (Figure 39; Figure 40).  Except for perhaps at the very 
upstream end of the delta, the Dirty Devil River has not incised back to its pre-dam bed, 
its vertical position is not hung up on outcropping bedrock, and its bed can not armor 
because there is no source of gravel or larger material within the delta sediments.  
Therefore, unlike North Wash Creek, its response has been primarily in the vertical 
direction with minimal widening (Figure 33).  This is shown in cross sections 820 to 804 
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by the narrow eroded “U” of the channel in relation to the total width of sediment 
deposited within the pre-dam topography.   Neither the full vertical or horizontal 
dimension of deposited sediment is maximized for mobilization, translating into a smaller 
percentage of mobilized versus deposited.  The incision dominated response and small 
percentage of deposited sediment mobilized also means an increased preservation 
potential for these sediments.   
 Cross sections 803 to 801 show a wider and shallower area of erosion than those 
upstream, and the change in form is indicative of a change in the erosional processes at 
work over this approximately 2.5 mile reach.  This area has mobilized a greater volume 
of the sediment deposited on it, as compared to the reach upstream, but it only represents 
a small portion of the 18.7 miles over which deposition occurred.  Therefore, this area 
doesn’t represent enough of the total reach to increase the percentage of sediment eroded 
versus deposited. 
 The Colorado River is similar to the Dirty Devil River, except where it has 
positioned itself over an underlying bedrock outcrop near river mile 155.  The impact of 
this outcrop on the vertical position of the stream channel is ambiguous because the 2005 
cross section survey of range line 298, located at river mile 155.15, shows that the 
channel had incised nearly 20 ft into it (Figure 35).  The pre-dam topography consisted of 
a thickness of erodible alluvium in this location, but it is unknown how much and at what 
point an un-erodible hard point will form (Figure 60).  Periodic observations under this 
study from February, 2006 to September, 2008 however, have never witnessed a rapid, 
waterfall, or abnormal flow condition over this outcrop that would suggest it had formed 
a local base level.   
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Many of the cross sections on the Colorado River show evidence for both vertical and 
horizontal erosion (Figure 35).  Those that don’t however, are similar to the narrow and 
incised range lines on the Dirty Devil River and downstream end of North Wash Creek.  
In the Colorado River’s case, the areas that show considerable widening and incision are 
still leaving a proportionately large package of sediment between the eroded surface and 
the pre-dam profile.  The combination of widening and incision together encourages this 
to occur.  Simon (1992) recognizes that incision in combination with widening can be the 
most effective means to decrease excess sediment transport capacity because 
simultaneously, channel gradient and flow depth are reduced, and hydraulic radius is 
increased.  This lessens the streams ability to mobilize deposited sediment and therefore 
negatively impacts the ratio of sediment volume eroded versus deposited.   
 
The Fate of Mobilized Sediment 
North Wash Creek 
 The trend of sediment mobilization through the incised reach of North Wash 
Creek has been primarily degradational.  Eroded sediment has been moved through the 
reach and deposited at or below lake elevation, leading to delta progradation downstream.  
In their rapid base level fall scenario, Heller et al. (2001) recognized that the incised 
valley formed was predominately erosional upstream and depositional at the channel 
mouth, which agrees with what is seen on North Wash Creek.  Cross section 3580 lies 
within the range of lake fluctuation levels since mid-2005 and marks the area of gradation 
from net erosion to net deposition in the system.  Lake-level fluctuations determine if the 
sediments are exposed or inundated and when exposed this area will be erosional and 
 164 
when inundated, depositional.  The relatively flat surface profile with a minimally 
incised channel is a result of these conflicting processes (Figure 27).  The North Wash 
Delta still has approximately another mile to prograde before it joins with that of the 
Colorado and currently, a void space exists between the two deltas (Figure 38).  The 
downstream end of this void is closed by sediment deposited by the Colorado River, 
meaning that North Wash Creek provides no sediment (with the exception of suspended 
load) to the Colorado River.  It will remain a self-contained system until the void space is 
filled and the two deltas meet at a graded elevation.   
 
Dirty Devil River 
 The Dirty Devil River has been primarily erosional in response to the current base 
level drop.  The maximum terrace elevation at the confluence of the Dirty Devil and 
Colorado Rivers is near 3630 ft, so even after the rise of lake level in 2005 and the 
fluctuation since then, these sediments have not been re-submerged by Lake Powell.  
Combined with the fact that the Colorado River is competent enough to carry the 
sediment introduced by the Dirty Devil River downstream, there is no potential for 
significant accumulation at the channel mouth as seen on North Wash Creek or as 
modeled by Heller et al. (2001).  The 1-m LIDAR DEM from 2005 overlaps Dirty Devil 
range lines 802 and 803 and shows that overall degradation had occurred between 2005 
and the surveys in 2007, further supporting this conclusion (Figure 61).  Sediment is 
mobilized through the incised reach and is transferred to the Colorado River.  From here, 
the sediment joins the load of the Colorado River and is moved downstream towards its 
delta front. 
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Colorado River 
 The Colorado River, like the other two systems, has responded primarily through 
erosion of sediment above lake level in response to the current base level drop of Lake 
Powell.  Sediment is mobilized downstream and deposited at or below lake elevation, 
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leading to progradation of the delta front downstream towards Glen Canyon Dam.  
This progradation has happened at a rapid rate, as evidenced by the picture captured  
when the 2001 bathymetry data is overlaid with the 2005 survey data (Figure 40).  In 
2001 the delta foreset still maintained a steep slope and the delta pivot point was located 
near river mile 154.  Prior to 2005, a considerable wedge of sediment had aggraded on 
the 2001 foreset, decreasing the foreset slope and prograding further downstream.  When 
the 2005 survey data was completed, it showed that the current river channel had incised 
this re-deposited sediment and had again reworked it.  The volume accumulated on the 
delta front between 2001 and 2005 within the study reach was approximately 29,000 
acre-ft. 
 The upstream incision and rapid downstream progradation of the Colorado River 
delta match the observations of Heller, et al. (2001) in the early stages of the rapid base 
level fall portion of their flume experiment.  The re-incision of mobilized and deposited 
sediments with continued base level drop is consistent with the latter stages of this same 
portion of the experiment.   
 
Long Profile and Cross Section Adjustment  
 
 Changes in channel width are an important means of channel response (Doyle et 
al., 2003).  Widening represents the crossing of a geomorphic threshold where the 
importance of incision is lessened or removed (Harvey and Watson, 1986; Simon and 
Darby, 1997; Doyle et al., 2003).  In some instances, changes in channel width are 
responsible for the majority of eroded sediment and are therefore a significant source for 
downstream reaches (Simon, 1992; Simon and Darby, 1997). 
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North Wash Creek 
 From 1999 to 2007, North Wash Creek incised 16.33 ft + 1.32 ft at a rate of 2.04 
ft/y + 0.17 ft/y.  The upper portion of the study area between river mile 2.95 and 4.7 has 
incised down to the underlying pre-dam topography, which has formed channel armor 
and a limit to further incision.  This, in combination with the geometry of the canyon, has 
increased the role of widening in channel adjustment for the cross sections in this reach.  
The grain size distribution of the sediments in the North Wash Creek delta is generally 
sand with a small percentage of silt and clay (Table 14).  Simon and Darby (1997), 
Schumm (1999), Doyle et al. (2003) and others have recognized that channels with non-
cohesive sand banks respond primarily through widening, as opposed to cohesive clay-
banked channels that are prone to respond through incision with minimal widening.  This 
suggests that the sedimentology of the North Wash delta may have also predisposed it to 
widening as a primary mechanism of adjustment.  The cross sections downstream have 
not incised to the pre-dam topography on account of the channel migrating over a 
resistant outcrop, which is acting as a local base level and impacting the reach just 
upstream from it.  In these cross sections, widening has played much less of a role in the 
channel response.  For the 6 cross sections in the study reach, the average active channel 
width is 79 ft + 16 ft (Table 35).   
 
Dirty Devil River 
From 1999 to 2007, the Dirty Devil River incised 27 ft + 5 ft at a rate of 3.5 ft/y.  Except 
for perhaps the most upstream end of the long profile, it has not incised to its pre-dam 
bed elevation, meaning no pre-existing armor or physical impedances to incision are 
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North Wash Creek - 2007 Dirty Devil River - 2007
Cross Section
Active Channel 
Width (ft) Cross Section
Active Channel 
Width (ft)
*XS3580 50.7 *801 --
*XS3600 99.6 802 242.6
*XS3620 75.4 803 94.5
*XS3640 78.2 804 40.1
293A 74.0 806 49.1
*XS3680 95.5 810 49.1
813 27.6
Average: 78.9 815 35.4
Standard 
Deviation: 16.0 817 35.6
819 40.7
820 40.2
Average: 65.5
Standard 
Deviation: 61.5
*Extracted from 2005 1-m LIDAR-derived DEM
Table 35.  Active channel widths measured from resurveyed cross 
sections on North Wash Creek and the Dirty Devil River.
*Cross Sections added as part of this study, not 
by the USBR in 1986
 
 
present.  Therefore, the response of the long profile has been entirely to the sediment 
transport imbalance imposed on the system through the base level drop of Lake Powell. 
 Widening has not played a large role in the adjustment of the river reach 
represented by cross sections 820 through 804 as evidenced by the narrow eroded “U” 
formed by the incising channel (Figure 33).  On one or both sides of the eroded area, a 
substantial amount of sediment remains.  For cross sections 820 to 804 the average active 
channel width is 39 ft + 6.7 ft (Table 35, recalculated for cross sections 820 through 804 
only).  Generally, the sediments exposed on these cross sections are half-meter-thick, 
relatively unconsolidated layers of sand separated by thinner layers of well consolidated 
silt and clay (Table 16, upstream transect).  Harvey and Watson (1986), Simon (1989), 
Simon (1992), Schumm (1993), Simon and Darby (1997), Heller et al. (2001) among 
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others, have modeled and observed that an incising channel in unconsolidated 
material, once it has incised to the point of bank failure, should form a wide and shallow 
cross section through a positive feedback loop between bank sediment input, bar 
formation, and channel routing towards its banks.  The underlying assumption in the 
initiation of the positive feedback loop is that the sediment introduced from the channel 
banks overwhelms the transport capacity of the channel, causing some to be deposited in 
bars.  The form of cross sections 820 through 804 on the Dirty Devil River do not agree 
with the studies predicting a wide and shallow channel in non-cohesive sediments, but the 
Dirty Devil River also does not show the widespread formation of bars over this reach.  
In a study of arroyo development Meyer (1986) recognized that narrow arroyos without 
channel bars were stable if sediment transport through the reach was low – i.e. sediment 
transport capacity was greater than or equal to sediment supply.  Meyer’s observation 
suggests that the Dirty Devil River is capable of transporting the sediment introduced 
through bank failure, which avoids the formation of the bars necessary to initiate the 
positive feedback loop towards widening.  This may seem implausible over an 18-mile 
reach, but it is important to remember that the Dirty Devil River is not responding to a 
single base level drop occurring at a discrete location and point in time.  Rather, it is 
responding to a base level drop of approximately 24 ft/y over 6 years, until the recent 
stabilization of lake level near 3600 ft.  This means that as sediment is eroded and 
deposited at or below the falling base level, it will later be eroded when the base level 
again drops past it.  This continued steepening of the stream gradient through base level 
fall provides a continued addition of transport capacity, which transports sediment 
downstream and prevents bar formation. 
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  Building on the observations of Heller et al. (2001) and taking into account 
previous conceptual models of channel response and bank stability, I propose the 
following conceptual model to explain the Dirty Devil’s formation of a narrow and deep 
channel in low to non-cohesive sediments.  At a given time an upstream reach will incise 
in response to the lowered base level, causing sediment to be eroded from the reach and 
deposited at or below the lake elevation.  During this period of time, bank failure, bar 
formation, and widening could occur with proper decreases in slope stability and 
increases in sediment supply versus transport capacity.  During the next time period base 
level is again lowered, lengthening the upstream reach responding to its fall.  Incision 
begins by knick point initiation and upstream migration over the newly exposed delta and 
incision is renewed and/or continuing over the portion exposed in the last time-step.  
Renewed incision would likely rework and remove any previously formed bars, 
increasing bank stability.  The passing of time would also increase bank stability in this 
reach as the sediments compact, dewater, equalize pore pressures, and establish 
vegetation.  Therefore, renewed incision in this time-step would act on banks of higher 
stability than incision during the last time-step.  This would further promote stability over 
the entire responding reach, because these areas would supply less sediment to 
downstream reaches through time.  As base level continues to fall this process steps 
downstream, leaving behind a channel deeper and narrower than otherwise might have 
been predicted based on sediment characteristics and/or slope stability alone (Doyle et al., 
2003). 
 The reach of the Dirty Devil River represented by cross sections 803 through 801 
shows a different form than that upstream, in that is has a very broad and shallow area of 
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sediment eroded below the maximum terrace elevation, with the lowest portion where 
the current channel is focused.  The width of the current channel is many times less than 
the width of erosion under the maximum terrace elevation and its depth is much less than 
the eroded depth.  There are no records of how this reach of the Dirty Devil River 
adjusted until an aerial photograph in 2004.  By this point the current channel 
configuration was in place.  Immediately downstream from cross section 804, the slope 
of the long profile flattens and the character of the stream changes.  Instead of being a 
single narrow channel it becomes wider and shows evidence of point and mid-channel 
bar formation for a short distance (Figure 62A).  Beyond this, the channel again narrows 
as it enters the area where lateral slumping occurs in thick packages of consolidated silts 
and clays.  By 2006, the point and mid-channel bars had been vegetated and/or eroded 
and the active channel width was slightly narrower than in 2004 (Figure 62B).   
 The presence of channel bars in 2004 suggests that this area of the Dirty Devil 
River may have followed a pattern of adjustment more in line with those previously 
presented for a sand-bedded channel.  The lowering of the channel slope could have 
decreased the sediment transport capacity and allowed bars to form.  The canyon 
constraining the Dirty Devil also begins to widen over this reach, meaning the channel 
meeting the lake as lake elevation dropped could have been wider and shallower than the 
canyon would allow upstream.  Under normal to low flow conditions this could promote 
the sediment deposition necessary to enhance widening, but under flood conditions this 
could have promoted erosion over a wider area at the expense of the depth of erosion.  
The removal of bars and the general narrowing in the 2006 photograph, however, 
suggests that this reach has transitioned into a period of renewed incision. 
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 With all available range line data, the average active channel width is 65.5 ft + 
61.5 ft (Table 35).  The large standard deviation in this measurement is on account of 
cross sections 801, 802, and 803.  The broad areas with elevations near the current 
dominant stream channel allows elevated flows to inundate more lateral area and 
therefore, increases the width of the active channel.   
 
Colorado River 
 From 1999 to 2005, the Colorado River between range lines 296 through 318 
incised an average of 53 ft + 6.8 ft at a rate of 9 ft/y.  Like the Dirty Devil River, the 
Colorado River has not has not incised to its pre-dam bed elevation.  Generally, no pre-
existing armor or physical impedances to incision are present, with the exception of a 
bedrock outcrop at river mile 155.  The impact of this local base level on the long profile 
adjustment of the Colorado is ambiguous.  Therefore, the majority of the response of the 
long profile has been to the sediment transport imbalance imposed on the system through 
the base level drop of Lake Powell. 
 Cross sections 296 through 318 do not all show forms where incision is the 
dominant response over widening, unlike cross sections 820 to 804 on the Dirty Devil 
River.  However, they all have 2 things in common; the width of the incising Colorado 
River covers a large portion of the canyon width, and one of the channel banks is pinned 
against the bedrock canyon wall.  With a wide river channel, even if incision accounted 
for 100% of the degradation, the cross section could still show a large portion of sediment 
evacuated over its width.  In order for this width of channel to have one bank pinned 
against the canyon wall the river flow needed to either be initially directed there, or 
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upstream bends and erosion needed to migrate it there over time.    
 Cross sections 296, 298, 302, 306, 308, and 310 all show shapes consistent with 
dominant incision with minimal widening, as evidenced by a U-shaped area of erosion 
with a tall and relatively flat terrace on one bank.  These cross sections also lie within 
areas of narrow canyon width or tight canyon bends (Figure 63).  Therefore, the canyon 
geometry was likely the deciding factor in concentrating the river flow in this channel 
location and it never had to migrate laterally.  Ensuing incision was the dominant 
response and a high and relatively flat terrace was created opposite the bedrock bank.  
The remaining cross sections show a lowered, eroded, and irregular surface opposite the 
bank constrained by the canyon wall.  These cross sections lie in straighter or wider areas 
of the canyon where its geometry likely played less of a role in initially concentrating the 
river flow.  Therefore, the nucleus of incision could have been at any point over the 
canyon width, but the evolution of the upstream channel eventually caused it to migrate 
towards one side or the other.  Therefore, migration removed much of what otherwise 
would have been a flat upper terrace opposite the bedrock bank.  
 
Mud Cracks and Lateral Slumping:  Where, 
Why, and How 
 
 Slumping, lateral spreading, and toppling occurs throughout much of the exposed 
Colorado River delta sediments and are a dominant feature of the surface morphology, 
from the active delta front to approximately 12 miles upstream.  They are a particularly 
active between Hite Marina and the Highway 95 bridge (Figure 44).  On the Dirty Devil 
River, these features are seen in the lower one to two miles of the reach, but quickly die 
out upstream.  These features are absent from the North Wash Creek delta sediments. 
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Mud Cracks 
 Field observations suggest mud cracks necessitate the presence of some thickness 
of cohesive sediments in order to form.  The delta sediments exposed on North Wash 
creek have no such thickness of cohesive sediment at their surface, hence the absence of 
these features.  Where packages of cohesive sediments are exposed on the deltas of the 
Colorado and Dirty Devil Rivers, mud cracks form through desiccation.  As saturated 
clay loses water content through evaporation, it undergoes a reduction in volume 
(consolidation) through the generation of negative pore pressures (suction) throughout the 
mass (Konrad and Ayad, 1997).  These negative pore pressures create strain on the 
horizontal surface and when it exceeds the tensile strength of the soil, the surface ruptures 
and a crack forms (Konrad and Ayad, 1997).  As an interconnected network of these 
tension fractures propagates, the surface is divided into polygonal patterns.  The thickness 
of clay-rich sediment in areas on the Colorado and Dirty Devil deltas is great enough that 
the polygonal columns may range in height from less than 3 feet to as much as 10 to 12 
feet.  In many locations the depth of mud cracks terminates at a change in sediment 
character from clay-rich and consolidated, to sandier and less consolidated (Figure 43).  It 
cannot be stated with certainty if the cracks initially form to this depth or if they deepen 
with time, or if the depth is always constrained by a change in sedimentology.  More field 
observations would be necessary. 
 
Lateral Slumping 
 Lateral slumping is seen on the Colorado and Dirty Devil deltas in the same areas 
mud cracks form (Figure 44) and are different from bank failure.  Lateral slumping may 
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occur on a channel bank, but successive scarps are formed in conjunction in a stair-
step pattern up and away from the channel and often at low slopes (Figure 64A).  Lateral 
slumping may also occur on the interior of the delta with no immediate connection to a 
channel (Figure 64B).  In either case, lateral slumps disrupt the otherwise flat topography 
of many areas of the delta surface with offsets of up to 1 m.  Lateral slumping is also only 
witnessed in areas of thick clay-rich sediments, hence the lack of these features on the 
North Wash Creek delta.   
 In order for an earth slump to form, the shear force resolved parallel to a plane of 
failure within the mass must exceed the shear resistance and internal cohesion of the slide 
mass at the slip surface (Duncan and Wright, 2005).  These failures occur along a 
relatively narrow and visible or inferable failure plane, are often rotational, and create a 
concave-up surface rupture (Hansen, 1984) (Figure 65A).  The occurrence of earth 
slumps and the location of the failure plane is dependent on slope angle, soil moisture 
conditions, and the geotechnical properties of the failing material.  Slope weighting or 
unweighting, saturation and rapid desaturation, and toe removal can help to drive a 
previously stable slope to failure.  Earth slumps do occur within the exposed delta 
sediments at Lake Powell, but they are a feature that would occur only along channel 
banks because of their dependence on a steep slope to form.  The lateral slumps observed 
occur near channel banks, but they also occur within the interior of the delta deposits, 
with no association to a slope.  The surface trace of some of the failure planes of lateral 
slumps follows the void created by mud cracks (Figure 66).  This suggests that the mud 
cracks segment the surface and create a zone of weakness for preferential formation of a 
failure plane.  
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The lateral slumps may actually be more similar to a lateral spread, where an overlying 
consolidated and fractured mass extends laterally through the deformation and/or failure 
of an underlying mass of soft material (Hansen, 1984; Sidle and Ochiai, 2006) (Figure 
65B).  They occur in sand and clay soils, typically at low slope angles, and are often 
triggered by high internal pore water pressures or high water contents (in the case of 
clays) (Sidle and Ochiai, 2006).  At Lake Powell, the cohesive sediment with mud cracks 
often overlies sandier and less cohesive (more porous and permeable) sediment.  The 
more porous unit is capable of more rapidly changing its pore pressures (in relation to the 
less permeable overlying unit) and in situations where an increase in pore pressure occurs 
(rising river or lake stage, heavy precipitation), this could create failure along this 
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contact.  The mud cracks further exacerbate this situation in several ways.  Their 
segmentation of the overlying mass decreases the stabilizing normal force acting on it 
because each pedestal is relatively independent and can fail independently. The cracks 
also allow water to reach the pedestal base and destabilize it through re-saturation and 
mechanical action (Sidle and Ochiai, 2006). 
  
 
 
 181 
 Mud Crack and Lateral Slump Activity 
 Dohrenwend (2005) has documented that lateral slumping and mud crack 
formation is particularly active immediately following periods of high river flow or rapid 
base level (lake level) drop (Figure 46).  This is not surprising because both of these 
events reduce overall slope stability in a number of ways.  High river flows in a narrow 
and deep channel increase its transport capacity, meaning the sediment on the bed and 
banks is more prone to fluvial erosion.  This in turn steepens the stream banks through 
further incision and the removal of material supporting the bank toe.  Rapid base level 
fall can have this impact as well by steepening the stream gradient, which also increases 
the sediment transport capacity of the channel at a given flow.  High flow acts to raise the 
water table in the stream banks which increases pore water pressures and re-saturates 
sediments, which decreases stability (Sidle and Ochiai, 2006).  The falling limb of the 
high river flow, similar to falling lake level, can induce instability as well because as the 
stage drops, a weight of water is removed from the bank which decreases the normal 
force acting on it.  Banks also begin to dewater which further reduces normal forces and 
causes the pore water pressures to change and re-equilibrate.   
 
Impact of Mud Cracks and Lateral Slumping 
on Sediment Delivery to the River Channel 
  
 Mud cracks in and of themselves do not deliver sediment to the channel.  Rather, 
they help to create the instability for other processes (slumping and lateral spread) to 
deliver sediment, and in some instances they impact the morphology of sediment 
delivery.  Mud cracks act to divide the thick packages of cohesive sediments into 
relatively discrete pedestals.  In areas of steep or near-vertical banks, these pedestals can 
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fail individually and deliver sediment to the banks and channel via topples (Figure 
67A).  In other instances, slump bank failure of the underlying non-cohesive sediments 
can transport with them a mass of cohesive and mud cracked sediment as a block slide 
(Figure 67B and C).  In this case, the mud cracks act similar to perforated note book 
paper, allowing a portion of the cohesive sediment to detach from the rest and fail with 
the underlying slope. 
 Lateral slumps, when occurring on channel banks, can deliver sediment directly to 
the river channel.  These initial failures can also propagate inward, away from the stream 
channel, and lower the sediment surface.  Slumps acting within the delta deposits also act 
to lower the elevation of sediments and disrupt their relatively flat morphology.  The 
lowering of the sediment surface means river flows and lake levels don’t have to be as 
large or as high to either trigger further instability, or mechanically remove the sediment.      
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CHAPTER 5 
 
CONCLUSION 
 
 
 For this thesis I studied delta sedimentation on the Colorado and Dirty Devil 
rivers and North Wash Creek in Lake Powell, and observed their response to the current 
base level drop of the lake.  Historic data of pre-dam topography, 1986 BOR survey 
results, and bathymetry data from Pratson et al. (2008) provided a record of 
sedimentation under generally transgressive to highstand lake conditions.  Survey work 
completed by Reichert, NCALM, and this study add to this historic record and provide 
details of sedimentation under the current regressive phase of the lake.  All of the survey 
work allowed estimation of volumes of sediment accumulation and erosion through time, 
and the rates at which these processes occurred.  This survey work also allowed the 
adjustment of the cross section and long profile of each system to be viewed and 
compared.  Field observations of mud cracks and lateral slumping provided information 
on their distribution throughout the three systems, the conditions necessary for their 
formation, and their impact on sediment delivery to the channel. 
 This work concluded that the rate of base level fall sets the stage for the 
adjustment of the three streams.  Under rapid draw-down, channel incision dominates to 
form narrow and deep channels with little widening.  Incision driven by rapid base level 
fall even seems to overcome, to a large extent, the sediment type’s impact on incision- or 
widening-dominated response.  This is in opposition to the conceptual models that predict 
a shallow and wide channel in sandy, uncohesive sediment.  The draw-down rate also 
determines where the bulk of the eroded sediment will be moved to.  In this case, a fast 
draw-down means increased delivery to the delta front and rapid downstream 
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progradation of it.  It also means that channel areas above the new base level will be 
primarily erosive.  This is witnessed by the lack of widespread mid-channel, point, or 
alternating bar formation.  The above observations agree with and support previous 
conceptual and physical models of adjustment to base level fall (Schumm et al., 1984; 
Simon and Hupp, 1986; Harvey and Watson, 1986; Heller et al., 2001; Cantelli et al., 
2004). 
 All three systems start adjustment to base level fall on a similar note, but it is 
local factors that make each unique and that cause adjustments not predicted by 
conceptual or experimental models.  Initially, system size and channel gradient determine 
the size, shape, and length of each deposit.  The larger the system, the greater the volume 
of sediment available for lake impoundment will be.  The lower the stream gradient, the 
longer the reach over which deposition occurs.  The volume deposited impacts the 
streams ability to incise back to its pre-dam bed material under base level fall, as North 
Wash shows.  Its small and thin deposit allowed incision back to pre-dam material, 
formation of an armored bed, and subsequent channel widening not predicted in the 
conceptual models.  Another local factor that plays a role is a bedrock outcrop that the 
new channel formed over and incised down to.  Outcrops can act as a local base level and 
prevented the reach upstream from incising into its pre-dam bed and armoring.  
Therefore, the bed remained an adequate source of sediment for the stream flow and the 
reach showed a narrow cross section form, more related to the speed of base level fall.   
 The Colorado and Dirty Devil rivers have deposited substantially more sediment 
than North Wash, and because of this, they were unable to incise down to their pre-dam 
bed material.  They both show cross sections in which a narrow and deep incised channel 
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has formed, just as rapid base level fall models predict.  However, they both also 
show cross sections where substantial widening has occurred as well, on account of local 
factors.  For the Dirty Devil, the three most downstream cross sections show widening 
and this coincides with an area of greatly increased canyon width.  Aerial photographs 
also show evidence for bar formation, which can drive channel widening.  For the 
Colorado, the narrow canyon width in relation to the active channel width allows the 
bedrock walls to exert control on how the incising stream channel meanders.  On cross 
sections where the incising channel formed and maintained its position, it is deep and 
narrow.  On other cross sections however, the channel initially incised and then migrated 
laterally due to the flow routing by upstream bedrock walls.  These cross sections showed 
substantial lateral and downward erosion that otherwise might not have been predicted 
based on the rate of fall alone.  The above discussion points stress that it is not only 
necessary to be grounded in the fundamental studies of adjustment to base level fall to 
predict what may occur, but that it is also necessary to be familiar with the site-specific 
details of the system(s) where adjustment is being viewed or predicted.  It is these details 
that can cause local deviation from pervious studies and that make the adjustment of each 
system unique. 
 Rates of sediment accumulation and erosion coincided with system size, but 
volume eroded versus deposited showed an inverse relationship with system size.  North 
Wash Creek eroded nearly 50% of its delta and moved it downstream.  The Dirty Devil 
eroded 15% of its deposit and passed it along to the Colorado River, which eroded 20% 
of its deposit.  This means that a smaller system (deposit size) is more capable of 
removing its accumulated delta and recovering towards its pre-dam condition.  This is an 
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important consideration when picking examples to assess the ability of a reservoir to 
recover if it is drained.  For example, if all of the tributaries to Lake Powell were 
drainages the size of North Wash or smaller, citing examples of them removing their lake 
sediments and returning to pre-perturbed conditions would be representative of the 
reservoir’s potential.  However, in reality, these small drainages comprise a very minor 
percentage of the areas where sediment has accumulated.  Rather, systems like the Dirty 
Devil and Colorado are more representative of what the lake has to overcome to return to 
a pre-perturbed state. 
 Finally, mud cracks and soft sediment deformation plays an important role in the 
adjustment of each of these systems.  The sedimentology of each delta dictates where 
these features, if at all, will form as they necessitate fine grained sediment. These features 
give topography to the otherwise flat-lying delta surfaces and through their destabilizing 
nature, they make sediments more prone to erosion.  This is either by lowering their 
elevation and making them more prone to inundation, or by delivering them directly to 
the channel through bank failure.  These features are important in forming the 
morphology of the exposed sediments and an important mechanism of erosion.   
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